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NEWS OF THE WEEK 
446 Draft Stem Cell Guidelines Please Many, aye” “CORRECTIONS AND Chan Eons 
Disappoint Some 465 TECHNICAL COMMENT ABSTRACTS 
. so 
447 Did Humans Learn From Hobbits? BOOKS ET AL. 
448 Genome Scans: Impatient for the Payoff ace -Foctnedaearhninale 
449 Newsmaker Interview: Brilliant Moves K. Shevelow, reviewed by C. G. Gross 
to Tackle Global Threats 463. ‘The Socal Amoebae 
449 From Science's Online Daily News Site J.T. Bonner, reviewed by R. L. Chisholm 
450 Science Retracts Discredited Paper; 
Bitter Patent Dispute Continues POUGT FORUM 
468 Farm Animal Research in Crisis 


451 From the Science Policy Blog 


452 German Physical Society 
A New Take on Doping in lron-Based 


R. M. Roberts et al. 


EDUCATION FORUM 


Superconductors . 
; . : F 470 Summer Institute to Improve 
Leverage: The Root of All Financial Turmoil University Science Teaching 
Water Droplets Grow Faster Than Expected C. Pfund et al. 
Snapshots From the Meeting 
PERSPECTIVES 
NEWS FOC 472 Exploring Terra Incognita 
454 ANew Look at the Mayas’ End D. J. Mabberley 
457. Newsmaker Interview: Jim Kim on Why 473 Where Is My Quantum Computer? 
He Took the Top Job at Dartmouth P. Hemmer and J. Wrachtrup 
458 A Quest for Compassion 474 The Thickness of Tectonic Plates 
s inD Filing Cabi B. Romanowicz 
460 tars in Dusty Filing Cabinets >> Reports pp. 495 and 499 
LETTERS 476 To Divide or Not to Divide 
R ‘ J. M. Skotheim 
463 etraction >> Report p. 509 
B. Alberts 
Opportunity in the Wake of 477 _ Shifting Gear, Quickly 
Natural “Disasters” E. G. Nisbet and J. Chappellaz 
D. B. Lindenmayer et al. >> Report p. 506 
The Hatd Problem 478 It's a Bull’s Market 


E. J. Neafsey 
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K. W. Goodman and N. G. Einspruch 
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N. Sharkey 
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Animal domestication has been key to the development 

of human societies. The sequence of the bovine genome 
reveals new insights into the history and biology of cattle. 

See pages 522 and 528, and related research on horse 

and sheep genetics and domestication on pages 485 and 532. 
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Livestock’ Decoded 


at 


www.sciencemag.org SCIENCE VOL324 24 APRIL 2009 
Published by AAAS 


page 454 


page 468 


DEPARTMENTS 


435 This Week in Science 
440 Editors’ Choice 

442 Science Staff 

445 Random Samples 
480 AAAS News & Notes 
537 New Products 

538 Science Careers 


429 


Gene expression and function analysis 


sample and assay technologies by QIAGEN 


Rely on QIAGEN’s manual and automated workflow solutions for: 


Sample collection and disruption 

RNA stabilization and purification 

Real-time PCR and RT-PCR and gene expression assays 
RNAi and gene silencing 

miRNA purification and assays 

Methylation analysis in epigenetics research 


Protein sample preparation and assays @ © ee © 


Making improvements in life possible — www.giagen.com 


Sample & Assay Technologies 


GEFPortf0309S 1WW 


CREDITS (MIDDLE): SEUNG-MO LEE/MPI-HALLE; (BOTTOM) KENSO SOAI AND TSUNEOMI KAWASAKI 


REVIEW 


481 Fire in the Earth System 
D. M. J. S. Bowman et al. 


BREVIA 


485 Coat Color Variation at the Beginning 
of Horse Domestication 
A. Ludwig et al. 
As part of the domestication process, humans 


appear to have selectively bred color variants 
of horses. 


REPORTS 


486 The Disappearance of the Progenitors 
of Supernovae 1993] and 2003gd 
J. R. Maund and S. J. Smartt 
The presumed progenitor stars of supernovae 


are indeed absent in later images from these 
sites. 


488 Greatly Increased Toughness of 
Infiltrated Spider Silk 
S.-M. Lee et al. 


Infiltration of spider silk with impurities 
enhances the mechanical performance. 


492 Asymmetric Autocatalysis Triggered 
by Carbon Isotope (?3C/7C) Chirality 
T. Kawasaki et al. 
The origin of chirality in asymmetric 


autocatalysis is due to carbon isotope 
substitution. 


495 A Global View of the 
Lithosphere-Asthenosphere Boundary 
C.A. Rychert and P. M. Shearer 
Seismic imaging reveals a global velocity 
anomaly at depths of 70 to 100 kilometers 
that may be from some melt or a strong fabric 
in Earth’s mantle. 
>> Perspective p. 474 


499 — Seismic Evidence for Sharp 
Lithosphere-Asthenosphere Boundaries 
of Oceanic Plates 
H. Kawakatsu et al. 

Detection of the presence of melt at variable 
depth beneath two oceanic plates reveals the 
vertical extent of old oceanic plates. 

>> Perspective p. 474 


502  Subducting Slab Ultra-Slow Velocity Layer 
Coincident with Silent Earthquakes in 
Southern Mexico 
T.-R. A. Song et al. 

Seismic mapping suggests that silent 
earthquakes may be related to an ultra-slow 
velocity layer on top of a subducting slab. 
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4CH, Measurements in Greenland Ice: 
Investigating Last Glacial Termination 
CH, Sources 

V. V. Petrenko et al. 

Radiocarbon measurements show that 
wetlands were responsible for the rapid 
increase of atmospheric methane 
concentration during the last deglaciation. 
>> Perspective p. 477 


Tuning the Activation Threshold of a Kinase 
Network by Nested Feedback Loops 

Q. A. Justman et al. 

Interacting negative feedback loops control 
the sensitivity of amphibian oocytes to the 
hormone progesterone. 

>> Perspective p. 476 


Catalytic Core of a Membrane-Associated 
Eukaryotic Polyphosphate Polymerase 

M. Hothorn et al. 

A yeast membrane protein complex contains 
a domain that generates linear phosphate 
polymers from adenosine triphosphate. 


Homeostatic Sleep Pressure and 
Responses to Sustained Attention 

in the Suprachiasmatic Area 

C. Schmidt et al. 

After prolonged wakefulness, people who 
are “night owls” do better at mental tests 
than those who are “early birds.” 


Intuition and Deliberation: Two Systems 
for Strategizing in the Brain 

W.-]. Kuo et al. 

Optimal gaming requires matching the type of 
neural circuitry (intuitive versus deliberative) 
to the type of game. 


The Genome Sequence of Taurine Cattle: A 
Window to Ruminant Biology and Evolution 
The Bovine Genome Sequencing and 

Analysis Consortium 


Genome-Wide Survey of SNP Variation 
Uncovers the Genetic Structure of Cattle 
Breeds 

The Bovine HapMap Consortium 

A survey of genetic diversity of cattle 
suggests two domestication events in Asia 
and selection by husbandry. 

>> Perspective p. 478; Science Podcast 


Revealing the History of Sheep 
Domestication Using Retrovirus 
Integrations 

B. Chessa et al. 

Sheep retroviruses can be used to map the 
selective preferences of early farmers and 
trace livestock movements across Europe. 
>> Science Podcast 
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RagC Antibody #3360 (green). Actin filaments have been breast carcinoma using Phospho-PRAS40 (Thr246) 


labeled with DY-554 phalloidin (red). Blue pseudocolor = (€77D7) Rabbit mAb #2997. 
DRAQ5™ (fluorescent DNA dye). 


Cutting-edge 


Confocal immunofluorescent analysis of HeLa cells using 
4E-BP1 (53H11) Rabbit mAb #9644 (green). Actin 
filaments have been labeled with Alexa Fluor® 555 phalloidin 
(red). Blue pseudocolor = DRAQ5™ (fluorescent DNA aye). 
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Phasic Firing in Dopaminergic Neurons Is 
Sufficient for Behavioral Conditioning 

H.-C. Tsai et al. 

High-frequency pulses in deep brain cells release 
dopamine and cause reward-related behavior 

in mice. 

10.1126/science.1168878 


Crystal Structure of the Nuclear Export Receptor 
CRM1 in Complex with Snurportin1 and RanGTP 
T. Monecke et al. 

The structure of an exportin complex shows how 
nuclear transport complexes differentially recognize 


cargo. 
10.1126/science.1173388 


Entropic Evidence for Linguistic Structure in the 
Indus Script 

R. P.N. Rao et al. 

Analysis of the pattern of symbols confirms the 


linguistic role of ancient signs. 
10.1126/science.1170391 


Magnetic Field Sensing Beyond the Standard 
Quantum Limit Using 10-Spin NOON States 
J. A. Jones et al. 

Quantum mechanical entanglement of nuclei in a 
single molecule results in an enhancement of the 
magnetic field sensitivity. 
10.1126/science.1170730 


Penultimate Deglacial Sea Level Timing from 
Uranium/Thorium Dating of Tahitian Corals 

A. L. Thomas et al. 

Sea levels rose during the penultimate deglaciation 
while Northern Hemisphere insolation was at a 
minimum. 

10.1126/science.1168754 


TECHNICALCOMMENTS 


Comment on “Colossal lonic Conductivity 

at Interfaces of Epitaxial ZrO,:Y,03/SrTiO; 
Heterostructures” 

X. Guo 

full text at www.sciencemag.org/cgi/content/full/324/ 
5926/465a 


Response to Comment on “Colossal lonic 
Conductivity at Interfaces of Epitaxial 
Zr0,:Y,03/SrTiO; Heterostructures” 

J. Garcia-Barriocanal et al. 


full text at www.sciencemag.org/cgi/content/full/324/ 
5926/465b 


SCIENCENOW 

www.sciencenow.org 

Highlights From Our Daily News Coverage 
Neandertal Babies Didn't Do the Twist 


Unlike in humans, Neandertal babies may not have 
rotated in the birth canal. 
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Closer Look at Einstein's Brain 


A new anatomical study reveals unusual features 
in the physicist’s parietal lobes. 


The Mother of All Pileups 
Crash of giant gas clouds suggests dark matter’s hand. 
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EDITORIAL GUIDE: Demystifying mTOR Signaling 
N. R. Gough 
The field of mTOR signaling is rapidly advancing. 


PERSPECTIVE: The Pharmacology of mTOR Inhibition 
D. A. Guertin and D. M. Sabatini 

The quest for effective cancer therapies reveals 
insight into the regulation and function of the 
mammalian target of rapamycin. 


PERSPECTIVE: Immune Regulation by Rapamycin: 
Moving Beyond T Cells 

M. R. Janes and D. A. Fruman 

Rapamycin regulates immune responses, in part, 
through its effects on macrophages and dendritic cells. 


PERSPECTIVE: Akt Demoted in Glioblastoma 

P.K. Vogt and J. R. Hart 

PKCa is an essential component of a pathway linking 
EGFR signaling to mTOR and cell proliferation in 
glioblastoma. 


PERSPECTIVE: New Insights into mTOR 
Signaling—mTORC2 and Beyond 

D. R. Alessi et al. 

mTORC2 promotes the phosphorylation of AGC kinase 
substrates at two distinct sites. 


PODCAST 

M. B. Yaffe and A. M. VanHook 

Science Signaling’s Chief Scientific Editor gives an 
overview of mTOR signaling. 
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Special Feature: The Other Parts of Your Academic 
Job 

J. Austin 

Research gets more attention, but teaching and service 
are also important parts of an academic career. 


Teach the Students You Have 

S. Carpenter 

To teach well, take a scholarly approach and make 
your expectations clear. 


Professional Service 

E. Pain 

Institutional service may be an annoyance, but you 
still need to do your part. 
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about advances in livestock research, including 
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INFINITE POSSIBILITIES 


NEB introduces SNAP-tag™ and CLIP-tag™ protein labeling systems. These innovative technologies provide simplicity and 
extraordinary versatility to the imaging of mammalian proteins i vivo, and to protein capture experiments in vitro. The creation of a 
single genetic construct generates a fusion protein which, when covalently attached to a variety of fluorophores, biotin, or beads 


provides a powerful tool for studying the role of proteins in living and fixed cells. 
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and counterstained with Hoechst 33342 (blue) for nuclei. 


EDITED BY CAROLINE ASH AND PHIL SZUROMI 


<< Not Just Dinner on Legs 


Several thousand years ago, human beings realized the virtues 
of domesticating wild animals as easy meat. Soon other possi- 
bilities became apparent, and as revealed in a series of papers 
in this issue, early pastoralists became selective about breed- 
ing for wool, leather, milk, and muscle power. In two papers, 
Gibbs et al. report on the bovine genome sequence (p. 522; 
see the cover, the Perspective by Lewin, and the Policy Forum 
by Roberts) and trace the diversity and genetic history of 
cattle (p. 528), while Chessa et al. (p. 532) survey the occur- 
rence of endogenous retroviruses in sheep and map their 
distribution to historical waves of human selection and disper- 
sal across Europe. Finally, Ludwig et al. (p. 485) note the 
origins of variation in the coat-color of horses and suggest that 
it is most likely to have been selected for by humans in need of 
good-looking transport. 
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Burn, Baby, Burn 


Wildfires can have dramatic and devastating 
effects on landscapes and human structures and 
are important agents in environmental transfor- 
mation. Their impacts on nonanthropocentric 
aspects of the environment, such as ecosystems, 
biodiversity, carbon reserves, and climate, are 
often overlooked. Bowman et al. (p. 481) 
review what is known and what is needed to 
develop a holistic understanding of the role of 
fire in the Earth system, particularly in view of 
the pervasive impact of fires and the likelihood 
that they will become increasingly difficult to 
control as climate changes. 


Disappearing Stars 


One way to identify and study the stars that have 
exploded as supernovae is to look for stars that 
are spatially coincident with the supernovae in 
pre-explosion images. The only way to be sure of 
their identifications is to wait for the light from 
the supernovae to fade and check that the stars 
have vanished from the sky. Maund and Smartt 
(p. 486, published online 19 March), using the 
Hubble Space Telescope and the Gemini tele- 
scope, have now shown that the red supergiant 
stars that have been found in pre-explosion 
images of SN 2003gd and SN 1993] are no 
longer seen in recent images of the supernovae 
sites. Their absence confirms that they were the 
supernovae’s true progenitors. 


Improving on Spider Silk? 
In a conventional atomic layer deposition, 
alternating pulses of a reactive metal-based 
precursor and a reactant, such as water, are 
deposited onto a solid surface to create a coat- 
ing that conforms closely to the original sur- 


face. Lee et al. (p. 488) apply this process to 
fibers of spider silk, which are soft and porous. 
In addition to forming a coating on the fibers, 
some of the metal ions penetrate the fibers and 
react with the protein structure. These doped 
fibers show significant increase in toughness as 


measured by the work required to deform them. 


Boundary Issues 
of the Lithosphere 


The depth of Earth’s tectonic plates is defined by 
the lithosphere-aesthenosphere boundary (LAB), 
but its seismic signature is more subtle com- 
pared with other deeper boundaries within Earth 
(see the Perspective by Romanowicz). Under 
oceanic plates, the LAB is often defined by where 
temperatures are hot enough to cause some 
melting. This boundary has been hard to detect 
in older oceanic plates, but it is important for 
understanding how these plates thicken with age 
or distance from ocean ridges, and for assessing 
heat flow through the oceanic crust. Kawakatsu 
et al. (p. 499) use a detailed seismic array to 
detect a seismic velocity reduction beneath the 
Philippine Sea and Pacific plates. The data imply 
that 5%, or less, melt forms horizontal layers, 
and that oceanic plate thicknesses do indeed 
deepen with age. Rychert and Shearer (p. 495) 
used 15 years of seismic data to explore the 
global distribution of an anomaly imaged by 
conversion of pressure waves to shear waves 
(waves associated with a sharp velocity drop). 
The data reveal a broad signal at depths of 70 
kilometers (km) beneath ocean islands to 95 km 
beneath Precambrian shields. It is not clear 
whether this boundary is the lithosphere- 
aesthenosphere boundary or a layer with a distinct 
horizontal fabric. 


Methane from Wetlands 


At the end of the cold climate interval called 
the Younger Dryas, approximately 11,600 years 
ago, global temperatures began their final 
ascent to the warmth of the Holocene, and the 
concentration of methane in the atmosphere 
increased rapidly and substantially. There has 
been much speculation about the cause of that 
increase, with most 
recent evidence point- 
ing to wetlands as the 
source. The most direct 
proof of that explana- 
tion requires the mea- 


surement of the radio- 
carbon content of that 
methane. Petrenko et 
al. (p. 506; see the 
Perspective by Nisbet 
and Chappellaz) ana- 
lyzed 1000 kilogram- 
sized samples of 
Greenland ice, which 
have sufficient 
methane to allow 
measurement of its #C 
content. They show that wetland sources indeed 
must have been responsible for the majority of 
the rise in atmospheric methane levels at the 
end of the Younger Dryas. 


Hot Silent Quakes 


Subduction zones tend to produce the largest 
and potentially most destructive earthquakes. 
Recent observations show that some deforma- 
tion in several subduction zones seems to be 
occurring through small or “silent” quakes. The 
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www.sciencemag.org SCIENCE VOL324 24 APRIL 2009 


Published by AAAS 


435 


www.roche-applied-science.com 


FuGENE” HD Transfection Reagent 


Measure the results of your transfection, 
not your transfection reagent. 


Are you confident that the cellular effects you observe are the result of 


8 2000 

5 m Genes affected by your transfected plasmid? Or are your results due to differential gene 
1741 : : : 

3 only this reagent expression caused by the transfection reagent you use? 

1500 

oa See by Rely on FuGENE® HD Transfection Reagent to avoid the high levels 

= ae of nonspecific, off-target effects that can be generated with other 

8 transfection reagents (Figure 1). 

5 500 = Generate physiologically relevant data you can trust with a 

2 46 282 unique non-liposomal formulation. 

E 236 236 

= 


= Achieve greater cell survival when transfecting with this 


L2K FuGENE® HD ~~ 
Transfection Reagent low-cytotoxicity reagent that is sterile filtered and free of animal- 


derived components. 
Figure 1. Minimize off-target effects by using FuGENE® HD 


Transfection Reagent. FuGENE® HD Transfection Reagent Switch to FUGENE® HD Transfection Reagent to obtain meaningful 
or a reagent from another supplier (L2K) was used to trans- results today! 

fect MCF-7 cells (ATCC® HTB-22™). Subsequent microarray 

expression profiling experiments demonstrated that L2K For more information and a database of successfully transfected cell 
significantly altered the expression levels of six times more lines, or to purchase, please visit www.powerful-transfection.com 


genes than FuGENE® HD Transfection Reagent. 


View the complete article online in Biochemica (2006) 4 at 
www.roche-applied-science.com/publications/biochemica.htm 


FuGENE is a registered trademark of Fugent, L.L.C., USA. 
Contact license@fugentllc.com for licensing and commerical applications. : . 
Roche Diagnostics GmbH 
The ATCC trademark and trade name and any and all ATCC catalog OGne agi os s G 
numbers are trademarks of the American Type Culture Collection. Roche Applied Science 

© 2008 Roche Diagnostics GmbH. All rights reserved. 68298 Mannheim, Germany 


CREDIT: HOTHORN ETAL. 


This Week in Science 


Continued from page 435 


origin of these silent quakes, and their effect on the seismic hazard, is uncertain. Song et al. (p. 502) 
use a specific seismic signal to map out thin regions with low seismic velocities on the subduction 
zone beneath southern Mexico. The regions seem to occur at depths below the seismogenic zone 
where temperatures are higher. These high temperatures and the silent quakes may reflect the 
release and episodic trapping of fluids from metamorphic reactions. 


Resolving Isotopically Chiral Alcohols 


Autocatalytic reactions, which are accelerated by their own product, can amplify small imbalances in 
the chiral distribution of starting materials. A particularly effective system is the alkylation of certain 
aldehydes by diisopropyl zinc, which becomes increasingly stereoselective as the chiral alkoxide prod- 
uct coordinates to unreacted zinc centers. Kawasaki et al. (p. 492, published online 26 March) show 
that the sense of enantioselection in this system can be influenced by a factor as subtle as chirality in 
an alcohol that arises only because two positions differ in having #*C and #C atoms. Isotopically chi- 
ral ligands were carefully prepared by using methods that would avoid chiral contaminants, and each 
led to a distinct enantiomer with enantiomeric excesses exceeding 90%. 


Early Birds and Night Owls 


In humans, peaks and troughs in alertness and cognitive performance partly depend on the timing 
of daily activities. Using brain imaging from the extreme ends of the spectrum of individuals whose 
performance is better in the mornings to those who do best in the evenings, Schmidt et al. (p. 516) 
found that after more than 10 hours of wakefulness, morning types had less activity in brain areas 

linked to attention compared with evening types. Moreover, morning types felt sleepier and tended 
to perform slower on psychomotor vigilance tasks. It seems getting the balance of sleep at the right 
time is important for regulating the daily pattern of cognitive performance. 


The Mystery of 


PolyP Polymerase 


Inorganic polyphosphate (polyP) is found in all 
organisms. In bacteria it is involved in multiple cel- 
lular processes, but in eukaryotes its function is less 
clear and investigation is hampered because the 
identity of the polyP synthesizing enzyme has 
been elusive. Previous genetic screens suggested 
that a yeast vacuolar transporter chaperone may 
play a role in polyP metabolism. Hothorn et al. (p. 
513) have used structural and biochemical studies to 
show that a domain in this chaperone complex generates 
polyP from ATP. Crystal structures from various stages of 
the reaction cycle supply clues for the mechanism and 
include a structure with a phosphate polymer bound in an 
enzyme tunnel. This polymerase has been found in a range of organisms where it appears to be 
important not only in deep-sea organisms contributing to global phosphate cycling, but also in 
symbiotic fungi exchanging phosphate with their hosts, through to phosphate storage in human 
protozoan parasites like Leishmania. 


Model Progesterone Response 


The hormone progesterone stimulates maturation of oocytes in the toad Xenopus laevis by binding 
to its receptor. Although receptor number and affinity for the hormone stay relatively constant, the 
dose of hormone required to stimulate meiotic maturation varies according to the environmental 
stimuli to which the animal is exposed, but little is known about how this is regulated. Justman et al. 
(p. 509; see the Perspective by Skotheim) combined experimental analysis and mathematical 
modeling to explore the role of glycogen synthase kinase—3f in desensitization, and a natural, 
sensitizing co-stimulus, the amino acid t-leucine. The results help to explain the layered complexity 
seen in signal transduction networks: If multiple stimuli act upon components of linked feedback 
loops, cells can tune their sensitivities dynamically to match their environment. 
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EDITORIAL 


How to Keep Science Moving 


RECENT ENTHUSIASM FOR SCIENCE IN THE UNITED STATES IS CAUSE FOR CELEBRATION, BUT 
it’s also food for thought: What can scientists do to build on this new excitement and 
support? Ifthe U.S. Congress and administration are to continue to advance science research 
and education and to rely on science in policy-making, then scientists must do much more to 
show how science works and how scientific research contributes to the nation. 

President Obama has made strong statements affirming the value of science and his com- 
mitment to it. He has appointed outstanding scientists to leadership positions. And by Exec- 
utive Order, he has reversed the federal ban on human embryonic stem cell research and 
directed the Office of Science and Technology Policy to propose methods to ensure that sci- 
ence policies are not twisted for political or ideological purposes. Moreover, the federal 
stimulus package provides a great infusion of funds for research grants, major equipment, 
and facilities through the major science funding agencies. While testi- 
fying at a recent House Appropriations hearing, I witnessed much 
goodwill toward science, scientists, and science educators in the 
bipartisan support for items in the stimulus package. Members of 
Congress on both sides of the aisle also seemed motivated to improve 
science education at all levels. 

However, Congress needs continual, vigorous contact with sci- 
ence and scientists. Its members support science but also must deal 
with many other demands for their attention: federal budget 
deficits; immediate social, physical infrastructure, and military 
needs; rising unemployment; and turmoil in the industrial and 
financial sectors. Scientists must do more to demonstrate the value 
of investing in science. Their first duty, of course, is to do good 
research while adhering to high ethical standards of openness and 
honesty. Yet to energize the public and its elected representatives, scientists must talk 
more with them, both through scientific societies and as individual scientists, person to 
person. As one example, providing Congress with postdoctoral fellows from scientific 
and engineering societies has proved to be very valuable for science, Congress, and the 
fellows involved, opening new career paths and generating critical support for policy- 
makers from the scientific community. 

Encounters at home are often more effective than those in Washington. Former Congress- 
man John Porter, who did so much to double the budget of the U.S. National Institutes of 
Health, once told me that few of his congressional colleagues had much time for science, but 
that each and every one of them who had visited a science laboratory in his or her home 
district emerged as an enthusiast. Scientists should be recruiting deans, presidents, chancellors, 
alumni associations, and press officers to help them communicate with their local commu- 
nity and business leaders, as well as with members of Congress. They should create oppor- 
tunities to invite the public into their laboratories, introduce them to their students, and give 
answers to questions such as: What do your results mean? What could they mean to the pub- 
lic? How does your research complement the work of others? How have you created good 
research experiences for students? Do you have any research connections with new or estab- 
lished businesses? These positive impacts of research are not always visible from a distance. 

The reinvigorated research community must also engage the interests of new science 
students, so that U.S. science can maintain leadership in certain fields and be a strong, 
reliable partner in many critical international research efforts. That means becoming more 
deeply involved in improving science education at all levels, including working with pre- 
college students and their teachers and exposing many more students to real science and 
scientists. Such interactions can raise the career aspirations of young people. 

Only if scientists do their part will there be the broad and deep public support that is so 
essential for science to flourish and for the public to engage with science. Scientists have great 
stories to tell, and many important people want to hear them. So let’s get going and tell them. 

— Ralph J. Cicerone 


10.1126/science.1174936 
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EDITED BY GILBERT CHIN AND JAKE YESTON 


IMMUNOLOGY 
Internal Indigestion 


T cell-mediated responses to extracellular 
pathogens are initiated through a process called 
cross-presentation: Pathogens are internalized 
by dendritic cells via phagocytosis, partially 
degraded, and then presented on the cell sur- 
face by class | major histocompatibility mole- 
cules for recognition by cytotoxic T cells. Several 
immune cell types possess phagocytic capacity; 
in most cases, however, this leads to pathogen 
degradation. In contrast, dendritic cells that 
express CD8 are able to cross-present because of 
the low proteolytic activity and slightly alkaline 
pH of their phagosomes. 

Savina et al. demonstrate that in contrast to 
non-cross-presenting dendritic cell subsets, 
CD8* dendritic cells assemble the NADPH oxi- 
dase complex (NOX,) in their phagosomal 
membranes, which results in reactive oxygen 
species production and the maintenance of a 
high pH. Proper localization of a NOX, subunit 
to the phagosome was dependent on the small 
GTPase Rac2. In the absence of Rac2, NOX, did 
not assemble, high phagosomal pH was not 
maintained, and consequently, CD8* dendritic 
cells were not active in cross-presentation. 
These data provide a molecular rationale for 
why only particular subsets of phagocytes can 
trigger cytotoxic T cell responses to extracellu- 
lar infections. — KLM 

Immunity 30, 10.1016/ 
j.immuni.2009.01.013 (2009). 


BIOCHEMISTRY 


Matching Supply 
and Demand 


In humans, a deficiency of the mitochon- 
drial protein frataxin leads to Fried- 
reich’s ataxia, a progressive and fatal 
neurodegenerative disease. 
Frataxin has been implicated 
in heme metabolism and in 
the assembly of Fe-S clus- 
ters. In particular, it has 
been proposed to act as 
either an iron chaperone or 
an iron-storage protein. 
Adinolfi et al. propose that in Escherichia 
coli, frataxin fine-tunes the flux of Fe-S clus- 
ter synthesis. Using absorbance and CD spec- 
troscopy, they showed that the bacterial frataxin 
ortholog CyaY (green in the above schematic) 
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MOLECULAR BIOLOGY 


RNA Silencing 


Progressive hearing loss is a common disorder that appears to arise from a diverse range of 
genetic mechanisms, probably reflecting the anatomical and functional complexity of the 
human ear. Two studies of mice and humans with hearing loss have converged on a pathogenic 
mutation that is distinct from the 50 previously characterized mutations in that it affects a 
small regulatory RNA rather than a protein-coding gene. 

In a genetic screen for hearing-impaired mice, Lewis et al. identified a mutation that, when 
present in heterozygous form, caused abnormalities of inner and outer hair cells [sensory 
receptors in the ear that are critical for hearing; wild-type (left) and heterozygous (right) inner 
cells are shown above] and progressive hearing loss beginning when the mice were 4 to 6 weeks 
old. The mutation resides within the functional “seed” region of a microRNA called miR-96 that 
is expressed in hair cells and that, like other microRNAs, is presumed to bind to and alter the 
expression of protein-coding messenger RNAs. Supporting the causal role of miR-96 in hear- 
ing loss, Mencia et al. found that two Spanish families with inherited progressive hearing loss 
harbored mutations in the seed region of the same microRNA and that these mutations 
impaired the processing of the RNA to its mature form. — PAK 

Nat. Genet. 10.1038/ng.369; 10.1038/ng.355 (2009). 


inhibits the formation of Fe-S clusters on the 
scaffold protein IscU (gray). Clusters are synthe- 
sized on IscU when iron (red) combines with sul- 
fur (yellow) that has been extracted from cys- 
teine by the disulfurase IscS (blue); IscU then 
inserts the clusters into the final acceptors. CyaY 
did not interfere with the transfer of assembled 
clusters from IscU to the acceptor ferredoxin 
and also did not affect the ability 
of IscS to convert cysteine to 
alanine. Fluorescence and 


IscS-IscU system at high iron concentrations and 
restrict the supply of clusters in the absence of 
needy acceptors. —VV 

Nat. Struct. Mol. Biol. 16, 390 (2009). 


DEVELOPMENT 
Endoderm Induction 


There is great interest in generating pluripo- 
tent stem cells that might be used in regenera- 
tive therapies. However, before such cells can 


NMR data revealed that CyaY 
did not compete with IscU for 
binding to IscS and that the 
IscS-binding surface of CyaY 
mapped to its iron-binding 
region. Mutants designed to 
disrupt the iron-binding 
capacity of CyaY reduced its 
inhibitory effect. The authors suggest that 
frataxins are iron sensors that interact with the 
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be applied effectively, methods that enable the 
directed differentiation of stem cells into a 
desired cell type, such as endoderm cells for 
the treatment of type | diabetes, are needed. 
The biological signaling factors activin A and 
Nodal are known inducers of endoderm, but 
Borowiak et al. have set out to find small, cell- 
permeant molecules that could channel embry- 
onic stem cells into an endodermal lineage. 
Starting with a collection of 4000 compounds, 
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they identified 27 primary hits—chemicals 
that promoted the expression of an endoder- 
mal marker—and further narrowed this list by 
negative selection and the examination of cell 
morphology to 2. These heptanoic acid deriva- 
tives (IDE1 and IDE2) directed the differentia- 
tion of roughly 70 to 80% of mouse and 
human embryonic stem cells into definitive 
endoderm. IDE1 and IDE2 come from a library 
of histone deacetylase inhibitors and appear to 
act through activation of the TGF-B signaling 
pathway. — BAP 


Cell Stem Cell 4, 348 (2009). 


ASTRONOMY 
Icy Remnants 


Like Pluto, the dwarf planet Haumea is one of 
the largest known Kuiper Belt objects that lie 
beyond the orbit of Neptune. It is thought to 
be the remnant of an even larger body, which 
fragmented as a result of a collision, leaving 
behind Haumea itself, its two moons, Hi‘iaka 
and Namaka, and a cluster of smaller icy 
debris whose surface properties and orbits 
have been shown to 
match those of 
Haumea. Now Fraser 
and Brown have 
taken near-infrared 
images of Haumea 
and its two satellites 
(illustrated at right) 
with the Hubble 
Space Telescope. 
The data showed 
that, like Haumea, 
Hi‘iaka and Namaka 
are peculiar Kuiper 
Belt objects in that they are covered in pure 
water ice, reinforcing the idea that they are 
fragments of the collision that formed the 
triple system. Had Haumea gravitationally cap- 
tured its two satellites, their surfaces would not 
be expected to match that of the dwarf planet, 
because Kuiper Belt objects have a wide range 
of surface compositions. — MJC 


Astrophys. J. 695, L1 (2009). 


CLIMATE SCIENCE 
Dust in the Wind 


The ice core record of the past 800,000 years 
shows that glacial periods tend to be cold and 
dry, with above-average amounts of wind- 

blown dust in the air. In Antarctica, for exam- 
ple, where most of the dust trapped in the ice 
comes from southern South America, the clos- 
est terrestrial neighbor to the cold continent, 
dust was deposited during the last glacial 
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period at a rate between 20 and 50 times 
higher than today. That general pattern makes 
intuitive sense, but what was the cause of the 
elevated dustiness? Sugden et al. show that 
dust peaks in Antarctic ice cores from the last 
glacial period occurred when rivers of glacial 
meltwater deposited sediment directly onto 
outwash plains in Patagonia, where the dust 
was easily mobilized by the stronger glacial 
winds, and that they were absent when the 
glaciers terminated directly into pro-glacial 
lakes. These observations may help explain 
why dust concentrations in Antarctic ice 
decreased before the main phase of warming 
occurred in Antarctica, when sea level began 
to rise and Southern Hemisphere sea-ice 
extent started to shrink. — HJS 

Nat. Geosci. 2, 281 (2009). 


CHEMISTRY 
When Ceria Met Titania 


Mixed metal oxides, especially of redox-active 
metals, can play an important role in catalysis. 
Both titanium oxide, or titania (TiO,), and 
cerium oxide (ceria, CeO,) are 
widely applied individually, 
often in tandem with lower— 
oxidation-state transition met- 
als such as platinum, palla- 
dium, and gold. It has been 
largely unclear, however, how 
these two high-valent metal 
oxides might behave chemi- 
cally in tandem with one 
another. Park et al. sought to 
answer this question. Specifi- 
cally, they used a combination 
of scanning tunneling 
microscopy (STM), photoemission spec- 
troscopy, and density functional theory (DFT) 
calculations to examine the structures that 
form when ceria nanoparticles are grown on 
the TiO, (110) surface; growth was induced by 
deposition of cerium atoms onto the surface, 
followed by annealing in oxygen. The STM 
images revealed a structure for the adsorbed 
ceria nanoparticles that was rather distinct 
from that seen for adsorption on metal sur- 
faces—dimers run diagonally to the rows and 
troughs of the titania surface—and photoe- 
mission revealed a reduced Ce?* oxidation 
state. DFT calculations were consistent with 
the formation of Ce,0, dimers. When gold was 
co-deposited along with the cerium, a highly 
active catalyst for the water-gas—shift and CO 
oxidation reactions resulted; much more effec- 
tive than gold deposited on either metal oxide 
surface alone. — PDS 
Proc. Natl. Acad. Sci. U.S.A. 106, 4975 (2009). 
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NEW PRODUCTS, SERVICES, AND SOLUTIONS 


JuLrus AXELROD PRIZE 
Supported by Eli Lilly Company Foundation 


The Society for Neuroscience is pleased 
to announce the call for nominations for 
the Julius Axelrod Prize. The prize honors 
a scientist for his or her distinguished 
achievements in neuropharmacology or 
a related field and exemplary efforts in 
mentoring young scientists. 


SOCIETY FOR NEUROSCIENCE 
NJ 


Deadline for receipt of nomination packages: 
FRIDAY, MAY 29, 2009. 


For details please visit www.sfn.org/axelrod. 


Science Signaling 


Science Signaling, from the publisher of 
Science, AAAS, features top-notch, peer- 
reviewed, original research. The journal 
publishes leading-edge findings in cellular 
regulation including: 


e Molecular Biology = * Biochemistry 

¢ Development ° Cell Biology 

¢ Immunology e Bioinformatics 

¢ Neuroscience e Systems Biology 
© Microbiology e Physiology 

° Pharmacology and Medicine 


Subscribing to Science Signaling ensures 
that you and your lab have the latest cell 
signal resources. To subscribe go to 
http://pubs.aaas.org/pub7/pub7_setup.asp. 


Submit your research at: 
www.sciencesignaling.org/ 
about/help/research.dtl 
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Working toward 
a better future? 


So are we. 
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Diabetes. Heart disease. Cancer. aft 


Every dollar spent on JAX® Mice & Services is 
an investment in our shared future. It supports our 
common research goals and helps to sustain the 

many valuable mouse models and resources 
available only from The Jackson Laboratory. 


Ask for the J. 


www. jax.org 
1-800-422-6423 
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Scientific-Grade Spectroscopy 
for Life Sciences 


QUANTUM EFFICIENCY TO 90% 
IN MINIMAL FOOTPRINT 


The Ocean Optics QE65000 is a scientific-grade spectrometer that 
combines enhanced UV response and high sensitivity in a robust, 
low-noise instrument. 


Its proprietary BRDF 
bench coating improves 
stray light performance 
and helps make the 
QE65000 more sensitive 
for demanding applications 
such as fluorescence, 
Raman, DNA sequencing 
and tissue analysis. 


The QE65000 features a 
back-thinned FFT-CCD detector and TE-cooling, which enables 
integration times from 8 milliseconds to as long as 1,500 seconds. 


The QE65000 can be configured with a choice of gratings, 
entrance aperture sizes, order-sorting filters and other optical 
bench accessories. 


The QE65000 starts at under $12,000 and you can find more 
information at www.oceanoptics.com/products/qe65000.asp . 
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Make the best of it! 


Top quality for your sample 


Each of your valuable samples deserves the best 
treatment. See for yourself how the Eppendorf tips 
will save time and reduce costs. 


With respect to material, fit, design and operating forces 
our tips set new standards. The close environment of 
each sample should be adapted to its specific quality and 
purity needs. This can involve a specific purity level or the 
absence of certain substances, but also stability, reliability, 
or geometry. The Eppendorf tips are designed to cover all 
of the specific needs of your samples! 


*Repeater in the U.S. 


Dispensing at its best! Eppendorf Combitips® plus 

@ Precise dispensing of liquids with high vapor pressure 
or higher viscosity 

@ Contamination-free dispensing due to positive- 
displacement principle 

®@ Dispensing from 1 ul to 50 mI through 9 different sizes 

@ Automatic Combitip recognition with Multipette® plus 
and Multipette* stream/Xstream® 


Learn more about Eppendorf Combitips plus: 
www.eppendorf.com/CBT 


eppendorf 


In touch with life 


Your local distributor www.eppendorf.com/worldwide - Application Support E-Mail: support@eppendorf.com 
Eppendorf AG - Hamburg - Germany - Tel: +49 40 538 01-0 - Eppendorf North America, Inc. - USA - Tel.: +1 800 645 3050 
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Charles II, the last king of the Spanish Habsburg 
dynasty, died without heirs in 1700 after a 
short, sickly life marked by deformity, impo- 
tence, and recurring bloody urine. A new 
genetic analysis suggests that royal inbreeding 
was to blame, as historians have long suspected. 

Researchers led by Gonzalo Alvarez, a 
geneticist at the University of Santiago de 
Compostela in Spain, built a family tree of more 
than 3000 Habsburg relatives and calculated 
inbreeding coefficients for various family mem- 
bers. These coefficients give the probability that 
a person would have received identical copies of 
a gene from each parent—a chance that 
increases when the parents are blood relatives. 

The inbreeding coefficient for the Habsburg 
kings increased 10-fold over five generations, 
from 0.025 in Philip | to 0.254 in Charles II. 
What that means, the authors reported 15 April 
in the online journal PLoS One, is that an 
extraordinary 25.4% of Charles II's genome 
could have consisted of pairs of identical 
genes—as many as in the child of a brother- 
sister union. 

The authors suggest that Charles II's 
genome left him vulnerable to a host of rare 
recessive disorders, including a possible hor- 
mone deficiency and renal disease that would 
account for his unpleasant illnesses and death 
at age 38. But although inbreeding was “very 
likely” the culprit, says Rita Cantor, a geneticist 
at the University of California, Los Angeles, 
School of Medicine, only Charles's own DNA 
could pinpoint what made the king so sick. 


A Croissant From the Sun 


Every so often, powerful blobs of plasma and 
magnetic energy from the sun pummel Earth’s 
magnetic field, playing havoc with satellites, GPS 
and cell phone signals, and electrical grids. Now, 
three-dimensional pictures 
of these so-called coronal 
mass ejections (CMEs)— 
40 of which have been 
observed by NASA's twin 
STEREO spacecraft since 
2007—show that the ejec- 
tions take on the shape of croissants as they 
billow through space. STEREO’s measurements 
have also helped improve the accuracy of predict- 
ing a CME’s intrusion into Earth's magnetosphere 
from within 12 hours to about three, says Michael 
Kaiser of NASA's Goddard Space Center in 
Greenbelt, Maryland. 

The improved accuracy will help to better warn 
electrical companies and satellite operators when a 
strong CME event is on the way. Doug Biesecker of 
NOAA's Space Weather Prediction Center in 
Boulder, Colorado, says the new 3D imagery will 
also help researchers study the solar atmosphere 
and develop advanced CME models. 


The Texture of 
Einstein's Genius 


Anew study of Albert Einstein’s brain has identi- 
fied unusual anatomical features that researchers 
say may be linked to the physicist’s knack for con- 
ceptualizing physics problems and to his famed 
love of music. 

When Einstein died in 1955 at Princeton 
Hospital in New Jersey, a local pathologist 
removed his brain, suspended it in preservative, 
and photographed and measured it. In a study 
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published in 1999, a team led by Sandra 
Witelson of McMaster University in Hamilton, 
Canada, found that Einstein's parietal lobbes— 
which are implicated in mathematical, visual, and 
spatial cognition—were 15% wider than normal 
parietal lobes. 

Now Dean Falk, an anthropologist at Florida 
State University in Tallahassee, claims to have 
identified more than a dozen previously unrec- 
ognized features. They include a pronounced 
knoblike structure in the part of the motor cortex 
that controls the left hand; other studies have 
associated similar “knobs” with musical ability. 
(Einstein loved to play the violin and took les- 
sons for many years as a child.) Falk says the 
parietal regions of both sides of Einstein's brain 
show a rare pattern of grooves and ridges that 
might be related to the 
great man’s genius for 
conceptualizing prob- 
lems. Einstein often 
reported that he 
thought in images and 
sensations rather than 
in words. Falk's find- 
ings are in press in 
Frontiers in 
Evolutionary 
Neuroscience. 

Frederick Lepore, a 
neurologist at Robert 
Wood Johnson 
University Hospital in 
New Brunswick, New 
Jersey, says that the fea- 
tures Falk identified are 
“unambiguously appar- 
ent” and that “Einstein's genius certainly 
exploited his ability to visualize physical problems, 
for example, what it would be like to ride on a 
beam of light.” 


_An Editor With Punch 
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John Maddox, who captained Nature into the modern era with two transformative stints as editor, 


died on 12 April at the age of 83. 


Maddox was born in Wales on 27 November 1925. After studying physics and chemistry, 
he taught theoretical physics at the University of Manchester in the United Kingdom. He went 
on to work as a science correspondent for The Manchester Guardian (now The Guardian) from 


1955 to 1964. 


Maddox brought his journalistic instincts with him when he joined Nature as its editor in 1966. 
He had manuscripts edited to make them more punchy and put in place a stringent peer-review 
system. Nature also became known for Maddox's animated and sometimes controversial editori- 
als, and the journal grew to be a platform for opinionated and incisive science journalism. In 
1973, he stepped down to start his own publishing company, resuming editorship of the journal 
in 1980. After his resignation in 1995, he was knighted for his services to science. 

“He was most engaging, a real polymath,” says Martin Rees, president of the Royal Society. 
“He exemplified [how] a generalist and a man of culture can contribute a great deal to the stimu- 


\._ lus of the scientific community.” 
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BIOMEDICAL POLICY 


Are genomic 
studies off track? 


Draft Stem Cell Guidelines 
Please Many, Disappoint Some 


They are not perfect, but they’re a big improve- 
ment over what scientists have been living with 
since 2001. That’s how most feel about the draft 
guidelines on human stem cell research 
released last week by the U.S. National Insti- 
tutes of Health (NIH). 

The proposed rules, to be finalized this 
summer, will expand the number of human 
embryonic stem (hES) cell lines available to 
researchers by eliminating the cutoff date for 
cell lines that qualify for federal funding. Act- 
ing NIH Director Raynard Kington predicted 
that “in a matter of months, we are likely to 
increase greatly the number of human embry- 
onic stem cell lines eligible for federal fund- 
ing.” He said that NIH estimates up to 700 lines 
exist based on literature reviews and registries. 

But some restrictions remain. The cell lines 
must be derived from surplus embryos 
donated by couples receiving fertility treat- 
ment. Stem cells lines derived through 
research cloning, or somatic cell nuclear trans- 
fer (SCNT), which many researchers are eager 
to try, will not be eligible. 

Some researchers are also concerned about 
just how many of the existing hES cell lines will 
be eligible, given NIH’s newly detailed require- 
ments on informed consent. But most share 
the sentiments of stem cell researcher Sean 
Morrison of the University of Michigan Med- 
ical School in Ann Arbor, who says the pro- 
posed policy is “a huge advance” over the Bush 
policy and “a reasonable compromise based on 
where the science stands.” 

On 9 August 2001, then-President George 
W. Bush decreed that federal funding be 
restricted to research on stem cell lines derived 
before that date. To the delight of many scien- 
tists, President Barack Obama’s 9 March exec- 
utive order lifted those restrictions. But the 
order did not spell out the source of the 
embryos, leaving that to NIH to decide 
(Science, 20 March, p. 1552). Now researchers 
have the answer: The stem cells must be 
“derived from embryos created by in vitro fer- 
tilization (IVF) for reproductive purposes and 
were no longer needed for that purpose,” NIH’s 
draft states. The use of cells from “other 


Cells galore. Federally funded researchers will soon 
have access to hundreds more lines. 


sources, including [SCNT], parthenogenesis, 
and/or IVF embryos created for research pur- 
poses, is not allowed.” It also notes that Con- 
gress has barred NIH from funding the deriva- 
tion of stem cells from human embryos under 
the so-called Dickey-Wicker amendment. 

Kington explained to reporters last week 
that in drafting its guidelines, NIH heeded both 
legal restrictions and professional guidelines, 
including a 2005 report on stem cell research 
from the National Academies. “There’s strong, 
broad support” for allowing research on sur- 
plus embryos from fertility clinics, he said, as 
shown by legislation that passed Congress 
twice (and was twice vetoed by Bush). “There’s 
not similar broad support for using the other 
sources.” Moreover, Kington pointed out, cell 
lines created solely for research either by [VF 
or SCNT don’t yet exist as far as NIH is aware. 
NIH will review its policy as the science 
advances, he added. Funding continues to be 
allowed for research with induced pluripotent 
stem (iPS) cells—cultivated from adult cells— 
which many think will offer the same promise 
as cells from SCNT. 

Many researchers would like to be able to 


Behind a 
retracted paper 


work on hES cell lines derived in other ways— 
in particular, through SCNT. That technique 
might be used, for example, to make an embryo 
by inserting DNA from a skin cell of a patient 
with a disease into an enucleated egg. 
Researchers could then derive stem cells for 
studying that disease in test tube experiments. 

Stanford University School of Medicine 
stem cell researcher Irving Weissman says the 
proposed ban on SCNT goes against the policy 
implied by Obama’s earlier comments. “The 
NIH has not served its president well?’ Weissman 
said in a statement. He said there is no prohibi- 
tion on SCNT in guidelines established by the 
International Society for Stem Cell Research 
(ISSCR) or by the National Academies. 

It’s unclear how many more lines will qual- 
ify under the new rules. A limiting factor could 
be the informed consent procedures. NIH 
hewed closely to those recommended by the 
National Academies and ISSCR. But Harvard 
University stem cell researcher George Daley 
points out that some of the 21 lines eligible for 
federal funding under the Bush policy would 
not qualify under the “exhaustive informed 
consent language” that was “not widely prac- 
ticed before 2006.” Therefore, there is some 
talk both at NIH and in Congress about the 
potential need to “grandfather” in some Bush- 
approved lines currently in use. (Grant applica- 
tions already submitted to NIH will also need 
to pass muster.) 

The draft policy includes a few other 
restrictions. NIH will not fund work that 
involves the possible introduction of pluripo- 
tent human cells (either iPS cells or ES cells) 
into the germ lines of any animals, a restriction 
recommended by the academies’ report. 
Parthenotes, which are short-lived embryos 
created from an unfertilized egg, are also for- 
bidden, as they qualify as human embryos 
under the Dickey-Wicker amendment. 

The public has until 30 days after the policy 
is published this week in the Federal Register to 
submit comments, and NIH must issue final 
rules by 7 July. Some lawmakers have already 
weighed in. Representatives Michael Castle 
(R-DE) and Diana DeGette (D—CO), co- 
authors of the legislation that Bush vetoed, say 
they favor “more expansive guidelines”—a 
hint that an effort may be afoot to overthrow 
Dickey-Wicker. But Tom Harkin (D—IA), a 
Senate sponsor of the vetoed legislation, said he 
is “very pleased” with the NIH draft. 

—CONSTANCE HOLDEN AND JOCELYN KAISER 
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ARCHAEOLOGY 


Drought and 
the Maya 


Did Humans Learn From Hobbits? 


Thousands of small, sharp-edged flakes of 
volcanic tuff and chert have been unearthed 
from the cave of the “hobbit,” the roughly 
1-meter-tall ancient human found on the 
island of Flores in Indonesia. The stone tools 
have puzzled researchers almost as much as 
the bones of the diminutive hobbits them- 
selves. How could a hominid with a brain the 
size of a large pear craft tools? Now a detailed 
new analysis sheds light on the hobbit’s tech- 
nological capabilities and raises a new mys- 
tery: Why did the modern humans who 
arrived later on Flores make tools the same 
way hobbits did? 

Archaeologist Mark Moore of the Univer- 
sity of New England in Armidale, Australia, 
and his colleagues have been studying tools 
recovered from Liang Bua Cave on Flores 
since 2002. The most complete hobbit skele- 
ton dates to about 17,000 years ago, but exca- 
vators claim other bones and tools date as far 
back as 95,000 years ago. All were excavated 
from below a layer of volcanic tuff dated to 
about 12,000 years ago. Above that layer, at 
11,000 years and younger, researchers have 
found Holocene burials of Homo sapiens— 
modern humans—along with more tools. 

Moore’s team set out to analyze how the 
tools throughout the cave were made. The 
team reconstructed the sequence of blows 
struck thousands of years ago 
by analyzing the shapes of 
flakes, the position of scars left 
when flakes were struck off a 
stone, and other details. Ina 
paper now in press at the Jour- 
nal of Human Evolution and in 
a talk this week at a hobbit- 
themed meeting,” they report 
their analysis of 11,667 tools 
from five layers in the cave. 

Moore found that homi- 
nids knapped stone in the 
same simple way throughout 
the 95,000 years represented 
in the cave layers they studied. 
Hominids first struck flakes 


“Hobbits in the Haystack: Homo 
floresiensis and Human Evolution,” 
Stony Brook University, New York, 
21 April 2009. 


off cores outside the cave. Then they brought 
large flakes into the cave to make smaller 
flakes, striking them directly with a hammer- 
stone or using an anvil. They used a handful 
of simple knapping techniques in repeated 
patterns that changed little over time. For 
example, tools in both the upper and the 
lower layers of the cave averaged about nine 
blows per tool. 

Tools in the younger, H. sapiens sedi- 
ments tended to be made of higher quality 
raw materials; 60% in that layer were chert, 
compared with only 17% in the lower layers. 
And more of the Holocene tools were burned, 
apparently from being left near a fire. But 
they were constructed in the same way as 
those from lower layers. 

To Moore, the “most parsimonious” 
explanation is that the hobbit, H. floresiensis, 
made the older tools, some found in layers 
with their bones. Later, H. sapiens arrived on 
the scene and made similar tools. Moore even 
suggests that there may have been contact 
between the species, with modern humans 
copying H. floresiensis toolmakers before 
they went extinct. “The striking thing to me is 
the degree of similarity in the various permu- 
tations [combinations of techniques]. I can 
see how different hominins might converge 
on the techniques themselves, but I find it 


Copycat tools? A stone tool from younger Homo sapiens layers, seen in three views 
(top), resembles those from older hobbit layers. 


Neuroscience and 
compassion 


more difficult to understand how those per- 
mutations could be so similar without more 
direct observation or interaction.” 

The analysis gets very high marks from 
other archaeologists. “They took a very close 
look at these materials, and I’d trust it,’ says 
Nicholas Toth of Indiana University, Bloom- 
ington. “A model study,” pronounces archaeol- 
ogist John Shea of Stony Brook University in 
New York state. Most important, the paper also 
“corrects an earlier impression that these are 
really sophisticated tools,” adds Alison Brooks 
of George Washington University in Washing- 
ton, D.C. Some early reports had implied that 
the Liang Bua tools were sophisticated like 
those of modern humans—a finding at odds 
with the hobbit’s tiny brain. But many archae- 
ologists think even small-brained hominids 
could make this kind of simple tool, which 
resembles much more ancient tools from 
Olduvai Gorge. In fact, Toth and Indiana col- 
league Kathy Schick have trained bonobos to 
make similar cutting-edge tools. 

However, when it comes to humans imitat- 
ing hobbits, many archaeologists aren’t yet 
buying. Oldowan-type technology is so sim- 
ple that modern humans could have con- 
verged on the toolmaking pattern because of 
environmental needs, Brooks and others said. 
More fundamentally, with a suite of similar 
tools throughout the cave lay- 
ers, “Homo sapiens might 
have made the lot of them,” 
says Shea. He points out that 
modern humans were moving 
through the Indonesian archi- 
pelago starting about 45,000 
years ago and perhaps earlier. 
Toth agrees that when it comes 
to the identity of the tool- 
makers, “the jury is still out.” 
Moore counters that some 
Liang Bua tools are about 
100,000 years old—meaning 
they were made long before 
there’s any sign of our species 
in the region. Having H. sapi- 
ens craft the older tools might 
be as surprising as humans 
copying hobbits. 

—-ELIZABETH CULOTTA 
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BIOMEDICAL RESEARCH 


Genome Scans: Impatient for the Payoff 


A simmering debate in the genomics com- 
munity about research strategy went public 
last week in commentaries published online 
by the New England Journal of Medicine 
(NEJM). A central disagreement concerns 
the likely value of chip-based genome scans 
to gauge inherited risks of developing com- 
mon diseases. The discussion comes at a 
time when the U.S. National Human 
Genome Research Institute (NHGRI) is 
asking scientists to help set its course in a 
new 5-year road map. 

In the most provocative of 
four NEJM articles, David 
B. Goldstein, director of the 
Center for Human Genome 
Variation at Duke University 
in Durham, North Carolina, 
says the first 100 or so genome- 
wide association studies 
(GWAS), which use gene 
chips to find associations 
between common gene vari- 
ants and diseases, have iden- 
tified important variants that 
appear to influence disease 
risk, but the impact of most 
of those variants is rela- 
tively low. He told Science 
that, once such association 
studies “have been run on 
the first few thousand 
patients for a given disease, 
there is only marginal return 
in pushing the sample sizes 
up further.” Instead, he wants 
to shift more research to full 
sequencing of patients’ 
genomes to find “rarer vari- 
ants of larger effect” linked 
to disease. 

Other scientists, while ag- 
reeing with parts of Goldstein’s 
commentary, argue that GWAS 
will be highly useful; they have already 
found more than 200 loci associated with 
certain diseases, even though most raise 
disease risks by relatively small amounts. 
They argue that improved chips may yet 
reveal a new cache of less common genetic 
variants that have a large effect on disease. 
Many also favor sequencing complete 
patient genomes, but only after the cost 
comes down. 

The divergent perspectives about GWAS 
present “a classic example of the glass being 
half-full or half-empty,” says Francis 


Two views. David Goldstein 
(top) wants to move quickly to 
full-genome sequencing; 
David Altshuler sees more 
GWAS potential. 


Collins, NHGRI’s former director, who is 
writing a book on personalized medicine. 
“On the half-full side, researchers have 
now discovered a stunning number of 
genetic risk factors for common disease, 
after many years of frustration. While for 
the most part, those risk factors have only 
modest odds ratios, they are pointing us 
toward biological pathways that we desper- 
ately needed to understand.” From the 
“half-empty” perspective, Collins says, “it 
is clear that most of the heri- 
tability for common disease 
has not yet been discov- 
ered—this is now generally 
referred to as ‘the dark mat- 
ter of the genome.’ ” 

That dark matter is at the 
center of the current genomics 
debate. As part of a long-range 
planning effort, NHGRI is 
soliciting suggestions from 
scientists about the best ways 
to apply genomics to clinical 
problems and set the most pro- 
ductive course for genome 
sequencing. Teri Manolio, 
who directs NHGRI’s Office 
of Population Genomics, says, 
“We plan to move in the direc- 
tion that the science takes us,” 
but strongly defends the 
results from the GWAS 
approach because it is identi- 
fying critical biological path- 
ways involved in disease. 

David Altshuler, who 
co-chairs the international 
consortium for the 1000 
Genomes Project, which aims 
to sequence at low coverage 
the genomes of 1000 individ- 
uals, says that the massive 
new genome catalog he’s 
helping to create will extend the reach of 
GWAS. The project will capture single- 
nucleotide polymorphisms (SNPs) that are 
rarer than those now available—including 
those present in 1% or more of the popula- 
tion—making it possible to probe genomes 
more completely (Science, 25 January 
2008, p. 395). The consortium includes the 
Wellcome Trust Sanger Institute in the 
United Kingdom and the Beijing Genomics 
Institute in Shenzhen, China. Altshuler, 
with appointments at the Broad Institute in 
Cambridge, Massachusetts, and Massachu- 


setts General Hospital in Boston, says the 
1000 Genomes group aims to produce its 
first paper at the end of this year and a final 
publication by the end of 2010. While 
Collins hopes that the 1000 Genomes Pro- 
ject will help “uncover a whole new poten- 
tial cache of less common variants of large 
effect,” he cautions that those variants “will 
have to be tested in appropriate case-control 
studies, since there is no phenotypic infor- 
mation available on the 1000 Genomes 
DNA samples.” 

Judy H. Cho, genetics director of Yale 
University’s Inflammatory Bowel Disease 
Center, who has helped identify some of 
the 35 or so genes now associated with 
Crohn’s disease, says the GWAS approach 
“has been a victim of its own success. Four 
years ago, the concern was: Will we find 
anything? But now critics ask: Why didn’t 
you find everything?” 

Researchers contacted by Science 
agreed that far more work needs to be done 
before physicians can make good use of 
personal genomic assessments. Peter Kraft, 
a Harvard School of Public Health epidemi- 
ologist who co-authored with Harvard col- 
league David J. Hunter an NEJM commen- 
tary on the current limitations of genetic 
risk prediction, says, “If we go forward 
doing GWAS studies as we are now, testing 
for inherited susceptibility on the basis of 
common risk alleles may be more effective 
in 2 or 3 years.” 

Although it has become the focus of much 
public attention, predicting personal risk is 
not the point of GWAS, argues Joel N. 
Hirschhorn, a genomics researcher at the 
Broad Institute and Harvard University Med- 
ical School who wrote an NEJM commentary 
that offered a positive assessment of GWAS 
results. “The goal is not individual risk analy- 
sis but rather discovering the biological path- 
ways underlying diseases,” he says. 

While he takes issue with Goldstein’s 
overall assessment of GWAS, Collins 
agrees that “less common variants of 
larger effect ... are going to account for a 
lot of the missing heritability, though 
copy-number variants will also likely play 
a role. To get those answers, we need to 
shift attention from SNP chips to actual 
sequencing.” But despite recent advances 
in technologies, several scientists say, the 
full sequence strategy still looks expensive 
for now. 

—ROBERT KOENIG 
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NEWSMAKER INTERVIEW 


Brilliant Moves to Tackle Global Threats 


Tackling big problems has 
been a lifetime pursuit for 
Larry Brilliant. A physician 
and epidemiologist, Brilliant 
played a key role in the 
World Health Organiza- 
tion’s smallpox eradication 
program in the 1970s. More 
recently, he directed Google. 
org, the Internet company’s 
philanthropic arm. In Feb- 
ruary, Brilliant stepped 
down from that role— 
amicably, he says—as 
Google narrowed its philan- 
thropic focus to emphasize 
projects that tap into its 
strength in technology, such 
as Google Flu Trends, which maps flu activ- 
ity based on online searches for flu-related 
terms. Brilliant stayed on as Google’s 
Chief Philanthropy Evangelist but last 
week announced that he’s leaving for a 
brand-new venture, a nonprofit foundation 
started by Jeffrey Skoll, the billionaire 
founding president of eBay. 

Skoll has kicked in $100 million in seed 
money with a promise of more for the Skoll 
Urgent Threats Fund, which will tackle 
what he sees as five of the most urgent 
threats facing the planet: climate change, 
water scarcity, pandemics, nuclear prolifer- 
ation, and conflict in the Middle East. As 
the organization’s president, Brilliant’s job 
is to make sure the money is well spent. 

Brilliant spoke with Science on 16 April. 
His comments have been edited for brevity. 

-GREG MILLER 


Q: What's the idea here? 

L.B.: The Earth has a number of urgent 
threats that are interwoven. If there were a 
single nuclear explosion in anger, all the 
work that we’re doing on climate change, 
on trying to bridge the gap between rich 
and poor ... would be set back generations. 
If any one of these urgent threats were to 
occur [or escalate], the work that we do 
would be so much more difficult. They 
have to be prevented or mitigated. 


Q: How do you hope to accomplish that? 

L.B.: We’ll be trying to create the public 
will and confidence to tackle these seem- 
ingly impossible challenges. We’ll be 
doing as much advocacy as grantmaking. 
Having the media savvy of Participant 


Looming perils. 
Pandemics, climate 
change, and other 
challenges await 
Larry Brilliant 

in his new role. 


[Media, Skoll’s production company, 
which has bankrolled socially conscious 
films such as Fast Food Nation and An 
Inconvenient Truth] was a huge draw for 
me. Jeff has learned how to stiffen the will 
of a community to fight the good fight. 


Q: Will you be funding any research? 

L.B.: Absolutely. I’m looking for research 
that changes people’s minds. It’s research 
that lets people know what you can do. In 
smallpox, when Bill Foege wrote his paper 
on selective epidemic control, we knew 
that by vaccinating 100 people—the right 
100 instead of the wrong 100 million—you 
could extinguish the epidemic. 

I’m very interested in digital surveillance 
technologies. In the area of drought, I’m very 
interested in ways to move water around. 
We’ve got plenty of water on the planet; we 
just don’t have it where people live. Each of 
these different issues requires creative think- 
ing and research to support breakthrough 
ideas that help change people’s pessimism. 


Q: What else? 

L.B.: We need scientists for the next millen- 
nium. We don’t have them. We don’t have 
the half-genomic molecular biologist/half- 
epidemiologist and other dual-trained, 
cross-trained individuals or departments 
that are going to help us do the genomic 
epidemiology that will stop the next virus 
from jumping from an animal to a human 
and creating a pandemic. We are lacking 
scientific workforce for the 21st century 
because the problems of the 21st century 
have grown faster than the ability of train- 
ing programs to keep up. 
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Closer Look at Einstein’s Brain. When a 
rare genius like Albert Einstein comes 
along, scientists naturally wonder if he had 
something special between his ears. The 
latest study of Einstein's brain, published in 
Frontiers in Evolutionary Neuroscience, 
concludes that certain parts of it were 
indeed very unusual and might explain how 
he was able to go where no physicist had 
gone before when he devised the theory of 
relativity and other groundbreaking 
insights. http://tiny.cc/FIMtB 


Neandertal Babies Didn't Do the Twist. 
Giving birth is more difficult—and danger- 
ous—for modern humans than for any other 
primate. Not only do human mothers have to 
push out babies with unusually big heads, 
but infants also have to rotate to fit their 
heads through the narrow birth canal. Now, a 
new virtual reconstruction of the pelvis of a 
Neandertal woman published in the Proceed- 
ings of the National Academy of Sciences 
suggests that Neandertal mothers also had a 
tough time giving birth to their big-headed 
infants—but the babies, at least, didn’t have 
to rotate to get out. http://tiny.cc/Z5yEb 


Red Leaves Say, “Bug Off!” Come autumn, 
leaves exchange their lush greens for deep 
reds, but why? Scien- 
tists have puzzled 
over this transforma- 
tion for more than a 
century. Now a new 
study of aphids and 
apple trees in Pro- 
ceedings of the Royal 
Society B reinforces the theory that the red 
hue wards off insects looking for a leafy 
snack or a place to nest. http://tiny.cc/dPeBA 


The Mother of All Pileups. In a faraway cor- 
ner of the universe, a crash of cosmic propor- 
tions is under way, cramming more than 
1000 galaxies into a space normally reserved 
for a handful. Astronomers studying the phe- 
nomenon report in The Astrophysical Journal 
that what they learn should improve their 
understanding about how the largest struc- 
tures in the cosmos have evolved. 
http://tiny.cc(WqT5g 


Read the full postings, comments, and more 
at sciencenow.sciencemag.org. 
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SCIENTIFIC MISCONDUCT 


Science Retracts Discredited Paper; 
Bitter Patent Dispute Continues 


In an unusual decision, Science this week 
retracted a 2005 report without the agree- 
ment of all the authors (see p. 463). The 
report, authored by a group at the Korea 
Advanced Institute of Science and Technol- 
ogy (KAIST) and at CGK Co., both in Dae- 
jeon, South Korea, describes a method, 
dubbed MAGIC, to identify drug targets by 
tracking protein movements in live cells 
(Science, 1 July 2005, p. 121). The retrac- 
tion is based on an investigation by KAIST 
that concluded that although the technique 
might be valid, data in the paper were fabri- 
cated and “the extent of the fabrication is 
serious enough to damage the authenticity 
of the entire paper.” The same group 
claimed in the journal Nature Chemical 
Biology in July 2006 that it had used 
MAGIC to identify an antiaging molecule; 
this report was retracted last July. 

But in a twist, a legal battle is raging over 


A EGFP mRFP Merge 


evidences will be provided to prove that 
MAGIC technology and anti-aging com- 
pounds in two papers are real,” chemical 
geneticist Tae Kook Kim, formerly at 
KAIST, wrote in an e-mail to a Science 
reporter. He added that he intends to take 
legal action “against several parties for my 
defamation and libel.” 

The convoluted saga began in July 2004 
when Kim and several partners established 
CGK Co. to commercialize a technique for 
identifying drug targets. The method, 
MAGnetism-based Interaction Capture, 
works by coating a magnetized nanoparticle 
with a molecule of interest. The coated 
nanoparticle is then introduced into a cell in 
which a target protein has been tagged with 
a fluorescent label. Applying a magnetic 
field forces the nanoparticle to move. If the 
fluorescence moves in concert, that indi- 
cates that the molecule of interest has bound 
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Seeing is not believing. An investigation by the Korea Advanced Institute of Science and Technology 
concluded that experiments to support these images were never conducted. 


the intellectual property at the heart of the 
discredited papers. “We strongly believe 
that there is value in the patent rights to the 
MAGIC technology,” KAIST’s Research 
Integrity Committee wrote in an e-mail 
responding to questions from a Science 
reporter. “Even though the data and results 
in the paper were fabricated, the idea of the 
methodology is original.” And the senior 
author of both retracted papers staunchly 
defends the findings. “A number of strong 


to the target protein. Kim and two members 
of his lab, Jaejoon Won and Yong-Weon Yi, 
are listed as inventors in a patent applica- 
tion, according to a translation of a Korean 
Intellectual Property Office document that 
CGK provided to a Science reporter. 

After describing MAGIC in the Science 
paper, the group reported in Nature Chemi- 
cal Biology how the technique had been 
used to identify a molecule, CGK733, that 
resets a cell’s intrinsic aging clock by 


inhibiting a certain protein. Won was first 
author and Kim was corresponding author 
on both papers. In July 2006, the same 
month the report appeared in Nature Chem- 
ical Biology, CGK completed raising more 
than $2.5 million in venture capital, accord- 
ing to a statement CGK provided to a 
Science reporter on 10 March 2008. 

But that statement also notes that CGK 
had trouble getting MAGIC to work. This 
led Yi—an author on both papers who by 
then had moved from KAIST to CGK to 
become the company’s chief technology 
officer—to ask Science and Nature Chemi- 
cal Biology to remove his name from the 
papers in December 2007, according to the 
CGK statement. On 11 February 2008, 
CGK informed KAIST of concerns about 
MAGIC. KAIST launched its own investi- 
gation on 12 February 2008. 

On 28 February, the university informed 
both journals that although its investigation 
was continuing, the panel had come to a 
preliminary conclusion that “the two 
papers do not contain any scientific truth,” 
according to an “editorial expression of 
concern” Science posted on its Web site on 
3 March 2008 (Science, 14 March 2008, 
p. 1468). On 13 March, KAIST issued a 
press release in English summarizing the 
results of the preliminary investigation and 
alleging that Won, Yi, and Kim were 
involved in or aware of the misconduct. 
Unlike the press release, the final report 
later shared with Science does not assign 
responsibility for alleged misconduct. 

In the e-mail to the Science reporter, Yi 
says he played a minor role in the project 
and even questioned Kim about his inclu- 
sion as an author “because I thought I 
hadn’t contributed enough.” Before the 
investigation, he claims, he hadn’t sus- 
pected superiors would commit miscon- 
duct: “It was almost impossible for me to 
find out the truth” from them, he wrote. 

In its July 2008 issue, Nature Chemical 
Biology published a letter signed by eight 
of the nine authors retracting the Won et al. 
paper. The letter states that the preliminary 
KAIST investigation “revealed several 
irregularities.” One was that the “applica- 
tion of MAGIC technology for identifying 
ATM (a key protein) as the target of 
CGK733 was fabricated.” It also says “our 
original notebooks and data are not avail- 
able to substantiate the scientific claims of 
the paper.” Kim did not sign the letter. An 
editor’s note reads: “T.K. Kim supports the 
retraction of the paper but maintains that 
the irregularities are confined to Figure 2 
of the paper—specifically, that the 
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MAGIC screening was improperly per- 
formed and the chemical structure of 
CGK733 was misrepresented.” 

Retraction of the Science paper did not 
go as smoothly. Science requires that all 
authors agree to a retraction, says Monica 
Bradford, Science’s executive editor. But 
the journal could not reach one co-author, 
Neoncheol Jung, whose affiliation was 
listed as CGK. The whereabouts of Jung, 
who was CGK’s founding CEO, remain 
unknown. Yeon-Soo Seo, a KAIST bio- 
chemist who served on the investigating 
committee, says his panel received one 
e-mail from Jung, who wrote that he was 
not involved in the case, he had nothing to 
do with the fabrication, and his name was 
included in the paper against his will. Lack- 
ing Jung’s agreement and without full 
consent of authors and their institutions, 
Bradford says Science waited for KAIST to 
provide the investigating 
committee’s final report, 
which had been completed in 
June 2008. But the report’s 
release, she says, “got tied up 


“The extent of the 
fabrication is serious 
enough to damage 


ber returned MAGIC patent rights to 
KAIST, the Korean Intellectual Property 
Office recommended on 19 January that 
the patent be rejected. The final decision is 
expected this summer; if it goes against 
KAIST, KAIST officials have said the 
company will appeal. 

On 28 February 2009, KAIST for- 
warded to Science parts of the final report 
related to the Science paper. The authors 
could not provide notebooks or original 
data for any of the experiments described in 
the paper, according to a translation of the 
report prepared for Science. The KAIST 
report notes that Won and Tae Kook Kim 
admitted that experiments supporting Fig- 
ure 2 in the Science paper, which purports 
to show magnetic manipulation of proteins 
tagged with fluorescent markers, were not 
carried out as reported. Based on the 
KAIST report, “The data, results, and con- 
clusions in the Won ef al. 
report are clearly not reli- 
able,” writes Science Editor- 
in-Chief Bruce Alberts. 

Bradford says that when 


with a legal dispute.” __ the authenticity of she informed senior author 

The legal dispute is : ii Tae Kook Kim that the paper 
murky as well. CGK claims the entire paper. would be retracted, he said he 
it reached an agreement in —KAIST would agree if the wording 


August 2004 with KAIST 

assigning intellectual property and com- 
mercial rights to the MAGIC technology to 
the company. But in March 2007, KAIST 
initiated legal action to reclaim those 
rights, according to statements from both 
CGK and KAIST. “KAIST hoped that 
through those legal proceedings they would 
have a chance to learn more from CGK,” 
Bradford says she was told by a KAIST 
official. CGK, however, “was pushing for 
retraction,” she says. CGK sent a copy of 
what it said is the KAIST investigating 
committee’s final report, dated 22 May 
2008, to Science editors, who had it trans- 
lated. Science delayed taking action until it 
received an official version from KAIST, 
Bradford says. 

Meantime, CGK devised an alternative to 
MAGIC, described by its researchers in the 
10 December 2008 issue of the Journal of the 
American Chemical Society. CGK has 
applied for two patents, one of which has 
been granted, related to the technology, 
which, like MAGIC, relies on coated mag- 
netic nanoparticles and fluorescent-tagged 
proteins. In an e-mail to a Science reporter, 
CGK charged that KAIST had delayed the 
retraction process to bolster its legal position; 
KAIST strongly denied this in an e-mail. 

Although a Korean court on 9 Decem- 


was changed to indicate that 
only parts of the paper were not reliable. 
Science declined. “Our paper, as it stands, 
cannot be substantiated; it’s got to go,” 
Bradford says. 

Repercussions for the Korean scientists 
have been severe. Last November, KAIST 
dismissed Tae Kook Kim; CGK is suing 
him for criminal fraud, says CGK’s Dae- 
Joong Kim. Sometime after the papers 
were published but before problems arose, 
Won took an “associate specialist” posi- 
tion at the University of California, Los 
Angeles; he left that post in July 2008, 
according to a UCLA spokesperson who 
declined to describe the circumstances, 
citing privacy concerns. Won did not 
respond to an e-mail or to a voice mail 
message seeking comment. 

Late last year, Yi sought to have criminal 
defamation charges brought against five 
members of KAIST’s investigating commit- 
tee, according to Yi’s e-mail. Prosecutors 
declined to pursue criminal charges on 
29 December, but Yi has appealed to a court. 

The KAIST Research Integrity Commit- 
tee says it “learned a lot from this incident” 
and is planning educational programs “to 
prevent research misconduct and to pro- 
mote research ethics and integrity.” 

—DENNIS NORMILE 
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Sciencelnsider 


From the Science 
Policy Blog 


An innovative approach to provide the best 
malaria drugs to the world’s poor officially 
got under way last week in Oslo. Instead of 
providing money to governments to buy 
the medicines for their public health sys- 
tems, the Affordable Medicines Facility for 
malaria (AMFm) (Science, 21 November 
2008, p. 1174) will subsidize companies to 
sell the drugs on the private market at bar- 
gain prices. Most of the world’s poorest 
rely on small pharmacies for their drugs, 
but to save money, they often pick cheap, 
ineffective drugs or counterfeits instead of 
state-of-the-art combination therapies. So 
far, AMFm has received $225 million to 
tackle the problem. 


The U.S. Environmental Protection Agency 
has asked scientists how to revise the 
Clean Water Act to protect seas against 
ocean acidification from atmospheric 
carbon dioxide. Under the current rules, 
waters are designated as impaired if their 
pH deviates from naturally occurring levels 
by 0.2 units. But biologists say that some 


organisms are affected by smaller 
changes. A more complex approach would 
also take into account how organisms or 
ecosystems are affected differently by 
changing pH levels. 


Last week’s announcement that William 
Brinkman, former head of research at 
Bell Labs, would be nominated to run 
the $4.8 billion Office of Science at the 
Department of Energy suggests that 
Energy Secretary Steven Chu, another 
alum, hopes to tap the fabled lab’s exper- 
tise at marrying basic and applied research. 


Elsewhere ... Bush science adviser John 
Marburger returned to Washington, D.C., 
to make science policy more scientific. The 
Union of Concerned Scientists released a 
report suggesting that genetically engi- 
neered crops have not outperformed more 
traditional varieties. British spy service 
agency MI5 is looking for a scientific 
adviser—the equivalent of James Bond's Q. 
Time to spell check your résumé. 


For the full postings and more, go to 
blogs.sciencemag.org/scienceinsider. 
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A New Take on Doping in Iron-Based Superconductors 


A year ago, physicists discovered a new family 
of high-temperature superconductors: materi- 
als that carry electricity without resistance at 
temperatures as yet inexplicably far above 
absolute zero. Immediately, researchers won- 
dered whether the compounds, which contain 
planes of iron and arsenic atoms, work in the 
same way as the only other high-temperature 
superconductors, the copper-and-oxygen, or 
“cuprate,’ compounds that have defied expla- 
nation since their discovery in 1986 (Science, 
16 May 2008, p. 870). New data suggest that a 
key step in making all the superconductors— 
“doping” them with impurities—plays a very 
different role in each of the two families. 

In the cuprates, doping produces super- 
conductivity by adjusting the number of elec- 
trons in the current-carrying copper-and- 
oxygen planes. But in the iron-and-arsenic 
compounds, doping appears to induce super- 
conductivity by altering the material’s crystal 
structure, report Helge Rosner and colleagues 
at the Max Planck Institute for Chemical 
Physics of Solids in Dresden. The result jibes 
with other evidence, says Dirk Johrendt, a 
chemist at Ludwig Maximilians University in 
Munich, who was not involved in the study. 
“One has to look to see if some sort of more 
subtle structural change is involved,” he says. 

In a cuprate such as strontium-doped lan- 


Leverage: The Root of 
All Financial Turmoil 


During the 1990s, physicists flocked to Wall 
Street and other financial hubs, eager to turn 
their analytical skills and phenomenological 
mindset to the problem of making a killing. 
Now that the world’s stock markets are in 
retreat, they’ve turned to explaining why mar- 
kets crash. According to one new analysis, 
leverage—the practice by hedge funds and 
other investors of borrowing money to buy 
investments—is the root of many nettlesome 
properties of financial markets that classical 
economics cannot explain, including a 
propensity to crash. 

Given that in the buildup to the recent 
global economic meltdown hedge funds had 
been leveraging their deals by ratios of 30-to-1 
(that is, borrowing $30 for every $1 of their 
own that they put in), it may seem obvious that 


thanum copper oxide, the lanthanum atoms 
lie between the copper-and-oxygen planes, in 
which the atoms form a pattern of squares. 
Without the strontium, the mobile electrons 
sit one to each copper atom and push against 
one another so hard that they get stuck in a 
giant traffic jam. The strontium atoms, which 
replace some of the lanthanum atoms, soak 
up enough electrons to break the impasse. 
The electrons then pair—in a way not yet 
fully understood—to flow with- 
out resistance. 2 
Things seem to work 
similarly in an iron-based 
superconductor. For exam- 
ple, strontium iron arsen- 
ide is an ordinary metal. 
Replace enough of the 
strontium with potassium, 
however, and supercon- 
ductivity appears at tem- 
peratures below 38 kelvin. 
But that’s not necessarily 
because the number of 
electrons changes. 


@ 
°e 


ao 
», 
Qo 


Either or. Replacing some of 
the strontium or iron makes 
strontium iron arsenide a 
superconductor. 


massive leverage leads to trouble. But Stefan 
Thurner, an econophysicist and director of the 
complex systems research group at the Med- 
ical University of Vienna, Austria, and col- 
leagues say their model shows that many of the 
distinctive statistical properties of financial 
markets emerge together as rates of leverage 
climb. “Leverage is the driver,’ Thurner says. 
“That wasn’t obvious.” 

Financial markets behave in ways that, 
econophysicists say, classical economic 
theory cannot explain. Classical economics 
assumes that the fluctuations in stock prices 
conform to a so-called Gaussian distribution— 
a bell curve that gives little probability to 
large swings. In reality, the distribution has 
“fat tails” that make big changes more likely, 
and the shapes of those tails conform to a 
mathematical formula known as a power 
law. Classical economics assumes that the 
fluctuations are uncorrelated from one 
moment to the next, whereas big swings in 
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To make that case, Rosner and colleagues 
left the strontium alone and instead replaced 
some of the iron with cobalt, an atom of almost 
the same size but with one more loosely bound 
electron. Such doping increased the density of 
mobile electrons but still induced super- 
conductivity below 20 kelvin. The researchers 
also replaced some of the iron atoms with 
ruthenium atoms, which have as many loosely 
bound electrons but are bigger and put a 

larger strain on the crystal 
Sr __ structure. Again, super- 
7) conductivity emerged. 

Those results suggest 
that changes in the mater- 
ial’s crystal structure are the 
key. Physicists know that, at 
a temperature above the 
superconducting transition, 
an iron-and-arsenic super- 
conductor undergoes a struc- 
tural change in which the 


Ss 


bd squares in the iron-and-arsenic 

planes squash slightly into a 

diamond shape. Neighboring 

' rows of iron atoms also become 

Fe ~@ magnetized in opposite direc- 


tions in a pattern called “anti- 
ferromagnetism.” The usual 
doping suppresses this transi- 


prices tend to come together in the so-called 
clustering of volatility. 

To try to explain those characteristics, over 
the past 5 years Thurner and colleagues have 
developed an “agent-based model” of a mar- 
ket. In such a computer model, virtual agents 
of various types interact according to certain 
rules, like robots playing a game. The 
researchers included hedge funds that could 
borrow to make their investments; banks to 
loan the money; “noise investors” who, like 
day traders, simply react to the market and 
have no other insight into the value of assets; 
and general investors who played the role of, 
for example, state pension funds. 

The model contains more than a dozen 
adjustable parameters. However, Thurner and 
colleagues found that the maximum level of 
leverage exerts a curious, unifying effect. If 
they forbade leverage, the market behaved 
largely as classical economics would predict. 
But as they increased the maximum leverage, 
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Piping in nanotubes. Carbon nanotubes could be made 
into minuscule electrical and mechanical devices on 
microchips—if researchers could put the things where they 
want them. Pushing tubes around with a tiny fingerlike 
probe is slow; depositing them in a solution is relatively 
imprecise. To do better, Sergei Loschek of the Chemnitz Uni- 
versity of Technology in Germany and colleagues carve ina 
layer of polymer microfluidic channels to pipe the solution 
where they want it and rely on electric fields to pull the tubes 
into place. The polymer can be laid down and removed in minutes, Loschek 


says, making the method fast and precise. 


Asurprisingly squishy virus. Many viruses possess a hard shell of pure pro- 
tein, but the influenza virus packs itself into a container with an inner layer of 
protein and an outer layer of fatty molecules called lipids. That shell is no 
harder than the lipid layer alone, as Iwan Schaap and colleagues at the British 
National Institute for Medical Research in London have shown by squeezing 
the viruses with a microscopic probe. The proteins in influenza’s shell “are 


tion and produces superconductivity. But so 
does the doping that leaves the electron density 
unchanged, suggesting that “‘you can get the 
same effect by making the structural change 
only,’ Rosner says. 

The structural changes may be all that’s rel- 
evant in the iron-and-arsenic compounds, 
Johrendt says. Rosner hesitates to go that far. In 
any case, such experiments underscore a differ- 
ence between the iron-and-arsenic super- 
conductors and the cuprates: Replace copper 
atoms in a cuprate’s planes with anything else, 
and the material’s superconductivity vanishes. 

-A.C. 


the characteristics of real markets emerged 
together. “We can explain the fat tails, the right 
[power law], the clustering of volatility, all 
this,” Thurner says. And when the leverage 
limit climbed to levels of 5-to-1 and beyond, 
the market became unstable and hedge funds 
went bust much more often. 

“T thought it was rather brilliant,” says 
Christoph Jan Hamer, an econophysicist with 
Solvency Fabrik in K6In, Germany. Hamer 
says he was impressed with a detail of the 
model: If leverage is high, then a tiny fluctua- 
tion created by the noise traders can trigger a 
much bigger swing. But Christian Hirtreiter of 
the University of Regensburg says, “I would 
think that leverage itself is not the problem. I 
would think it is a symptom of the problem.” 

Thurner, who managed a hedge fund that 
tanked, says that limiting leverage should help 
prevent crashes. He admits, however, that he 
would not have embraced that idea when the 
market was still going strong. -A.C. 
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Dynamic duo. Carbon nano- 
tubes are piped into place 
with microfluidic channels. 


definitely not there to rein- 
force the virus,” Schaap 
says. The question is, What 
purpose do they serve? 


Back to school on univer- 
sity assignments. Four 


years ago, Germany scrapped its centralized system for assigning students 


to universities for competitive programs such as medicine. Now, students 
apply to individual universities. The best get accepted by all their choices 


first-choice schools. 


whereas others get stuck on waiting list:—sometimes for half a year. But 
simulations by Christian Hirtreiter of the University of Regensburg and col- 
leagues suggest that the old system placed as many students at their pre- 
ferred schools. Moreover, they say, they can optimize the old system to cut 
by half the several percent of students whom it did not assign to one of their 


-A.C. 


Water Droplets Grow Faster Than Expected 


Breathe on a pane of glass and droplets of 
water will condense on it. Physicists have 
analyzed that bit of everyday physics and 
have broken it down into three stages. First, 
tiny individual droplets form, or “nucleate.” 
Then, the droplets grow. Finally, they bump 
into each other and merge. Assuming that 
moisture condenses out of the air at a con- 
stant rate, during the second phase, the vol- 
ume of each individual droplet should 
increase linearly with time—that is, increas- 
ing by the same amount each second. 

But is it so simple? Mordechai Sokuler of 
the Max Planck Institute for Polymer 
Research in Mainz, Germany, and col- 
leagues have shown that, paradoxically, 
whereas droplets in a crowd do grow 
steadily with time, an isolated droplet grows 
faster as it gets bigger: Its volume increases 


Peer pressure. An isolated droplet grows faster than 
one in a crowd, as the neighboring droplets affect 
the surrounding vapor distribution. 


in proportion to time raised to the 3/2 power. 

To prove it, Sokuler and colleagues per- 
formed one of the simpler of the thousands 
of experiments described at the meeting, 
growing drops in isolation or in groups ona 
small finger of glass in a chamber in which 
they could control the temperature and 
humidity. They then filmed the droplets con- 
densing or evaporating. “I’m really glad that 
I got to do this project because it’s so sim- 
ple,’ Sokuler says. Nobody seems to have 
done the experiment before, he says. 

At first blush, it seems contradictory 
that an isolated droplet would grow faster 
than one in a group, but the odd effect has 
an explanation, Sokuler reports. The 
growth rate depends on the amount of 
excess water vapor in the air. Above a sin- 
gle droplet, the vapor distribution con- 
forms to the dome-shaped droplet, and the 
amount of vapor condensing into it at any 
moment increases with its radius. But when 
many droplets lie on a plane close together, 
each distorts the vapor distribution near its 
neighbors, effectively smoothing out the 
distribution across the plane. That makes 
all the droplets grow steadily in time, 
regardless of their size. 

“His main argument was a change in geo- 
metry,” says Thomas Thurn-Albrecht of Martin 
Luther University of Halle-Wittenberg. “This 
seems convincing to me.” It’s a simple effect, 
he says, “but sometimes to think of a simple 
experiment is an admirable thing.” 

—-ADRIAN CHO 
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IN THE EARLY 8TH CENTURY C.E., THE MAYA 
city-state of Tikal eclipsed all rivals, becom- 
ing the most populous polity in the Ameri- 
cas. As many as 62,000 Maya nobles, arti- 
sans, and others squeezed into Tikal’s 
crowded residential districts in what is now 
Guatemala; another 30,000 people, accord- 
ing to one estimate, toiled in verdant corn- 
fields nearby. Tikal’s divine kings ruled in 
splendor. They gleamed with jade jewels, 
commanded an army of artists and scribes, 
and presided over the construction of monu- 
mental causeways, temples, and pyramids. 
During the century that followed, however, 
Tikal fell on hard times. Its building boom col- 
lapsed, its artists ceased to carve hieroglyphic 
inscriptions and paint murals, and its kings 
vanished. After 830 C.E., Tikal’s population 
plummeted to just 15% to 20% of its peak. 
And Tikal was not alone. Elsewhere in the 
Maya world—a 324,000-square-kilometer 
area spanning southeastern Mexico and 
upper Central America (see map, p. 455)— 
dozens of other city-states crumbled between 
695 and 1050 C.E. The big question is why? 
Archaeologists have proposed many the- 
ories, from peasant revolts to plagues and 
volcanic eruptions. But starting in the 1980s, 
many researchers focused on the role of cli- 
mate. The idea gained traction in the 1990s, 
and today paleoclimatic indicators from 
lakes in the Yucatan Peninsula and the ocean 
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floor off Venezuela suggest that a series of 
devastating droughts struck the Maya lands 
beginning in 760 C.E. The evidence for these 
climatic catastrophes “is overwhelming 
now,” says Richardson Gill, an independent 
archaeologist based in San Antonio, Texas. 
“How could 95% of the cities in the Maya 
lowland, which relied on surface water reser- 
voirs that had to be replenished annually, sur- 
vive a 9-year drought?” 

Many other Maya archaeologists, however, 
say the megadrought theory just doesn’t fit 
their findings. Some Maya centers fell 
before the proposed droughts began, 
whereas others flourished even during the 
parched times. Several cities in the humid 
lowlands failed before those in drier regions 
did. The wide variation in space and time of 
the collapse has left many climate scientists 


Jar of the gods. 
Maya left pots in a 
cave for the rain god. 
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and archaeologists at loggerheads. “The idea 
that people were dying in the Maya plazas 
from thirst is all very overblown and over- 
sensationalized,” says archaeologist David 
Webster of Pennsylvania State University 
(PSU), University Park. 

New studies, several of which are being 
presented at the Society for American 
Archaeology (SAA) meetings in Atlanta, 
Georgia, this week, suggest productive ways 
out of this impasse. Researchers are using 
novel paleoclimatic indicators tied closely to 
specific archaeological sites to see just what 
ancient Mayans experienced; others are 
modeling the climatic impact of deforesta- 
tion. These efforts show a new willingness 
among archaeologists to work hand-in-glove 
with the paleoclimatologists, says archaeol- 
ogist Brian Fagan, a professor emeritus at 
the University of California, Santa Barbara 
(UCSB). “This is a form of multidisciplinary 
research that we never ever envisioned 
before,” Fagan says. “It’s very exciting.” 


The slow collapse 

The Maya occupied one of the most environ- 
mentally varied territories in the world—a 
patchwork of coastal plains, scrub forest, 
tropical forest, and temperate highlands. 
Today, annual rainfall ranges from 500 milli- 
meters in the north to 4000 mm in the central 
lowlands, but most rain falls from May to 
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The power of water. Tikal’s grand monuments 
depended on the favor of rain god Chac (inset). 


December. To obtain water the rest of the 
year, the Maya settled along rivers and lakes 
and built reservoirs and canals to manage 
rainwater. By the Late Classic period, from 
600 to 900 C.E., the Maya had founded more 
than 100 urban centers. 

The collapse of the city-states began 
about 695 C.E., in the wet Petexbatun 
region of southern Guatemala, and pro- 
ceeded sporadically over the next 350 years. 
Given the protracted timetable and the clues 
unearthed at individual sites, many archae- 
ologists concluded by the early 1990s that 
the Classic Maya civilization was felled by 
a toxic cocktail of social and environmental 
factors, including war, overpopulation, soil 
erosion, and restive populations tired of the 
demands of self-aggrandizing rulers. It’s a 
view many archaeologists still hold. “When 
you have something as complex as Classic 
Maya society, it’s going to take a complex 
string of events to bring that to an end,” says 
Andrew Scherer, an archaeologist at Baylor 
University in Waco, Texas. 

But beginning in 1995, geologist David 
Hodell of the University of Cambridge in the 
United Kingdom and his team began pointing 
to the role of climate change. They analyzed 
gypsum—which accumulates as water evap- 
orates in dry periods—in cores from a lake in 
northern Yucatan and showed that the period 
from 750 to 850 C.E. was the driest ina 
7000-year-long period (Science, 18 May 
2001, pp. 1293 and 1367). Other indicators 
supported this picture. A Swiss-led team stud- 
ied titanium—which declines in river-borne 
sediments when water erosion decreases dur- 
ing parched periods—in a marine core from 
the Cariaco Basin off Venezuela. They found 
a dry period at 760 C.E. and then three severe 
multiyear droughts: 810, 860, and 910 C.E. 
(see graph, p. 456, and Science, 14 March 
2003, p. 1731). Then in a 2007 paper in 
Palaeogeography, Palaeoclimatology, 
Palaeoecology, researchers analyzed a vari- 
ety of data—oxygen isotopes for gauging 
rainfall, luminescence for studying the rate of 
water flow from a cave ceiling, and other indi- 
cators—from a stalagmite from the Macal 
Chasm cave in western Belize. They found 
four extreme dry periods centered at about 
780, 910, 1074, and 1139 C.E. 

Some archaeologists were convinced. But 
when others went looking for evidence of 
severe climate change at their sites, they could 
not find it. In the Petexbatun region, for exam- 
ple, a 7-year interdisciplinary project by 
Arthur Demarest of Vanderbilt University in 


Nashville, Tennessee, concluded that the 
inhabitants had a relatively stable diet of corn 
and meat throughout the collapse period. 
Skeletal remains displayed no increases in 
anemia or infectious disease, as might be 
expected in a starving populace. “If there’s a 
drought, but it doesn’t affect people’s health, 
then what does it matter?” says Demarest. 
Instead, his team uncovered extensive evi- 
dence of a bitter, nearly century-long rivalry 
between the region’s rulers over trade routes, 
which sparked intense warfare and the 
destruction of the site of Dos Pilas in 760 C.E. 

One difficulty in correlating climatic and 
archaeological data at some sites is the rela- 
tively large error ranges of radiocarbon 
dates. Another may be regional variation: 


Wet and dry. The Maya lived in a patchwork of environments, and 


some cities in wet areas collapsed before drier ones. 


“Droughts can be quite localized,” notes 
Jason Yaeger, an archaeologist at the Univer- 
sity of Wisconsin, Madison. “So I’m a little 
skeptical about taking the Venezuela record 
and applying it directly to the Maya lowlands 
without local proxy records.” 

One way out is to devise paleoclimatic 
indicators that come directly from dated 
archaeological sites. That’s just what zoo- 
archaeologists Kitty Emery and Erin 
Kennedy Thornton of the University of 
Florida, Gainesville, set out to do, by using 
the animal bones that litter Maya deposits to 
track the proportions of wetland fauna over 
time. The researchers “have hit on some- 
thing really exciting here that no one else has 
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done before for the Maya. And that is to use 
the habitat information of the animals 
hunted, exploited, and eaten by the Maya as 
a proxy for climate change,” says archaeolo- 
gist Heather McKillop of Louisiana State 
University in Baton Rouge. 

Emery and Thornton, who presented their 
unpublished study this week at SAA, com- 
piled lists of animal bones from 22 dated 
Maya sites and selected 15,000 identified 
specimens from more than 65 species, 
including animals such as jaguars that some- 
times hunt near water and storks and musk 
turtles that spend much of their lives in wet- 
lands. Then the researchers gathered pub- 
lished habitat data on the proportion of time 
each animal spent in aquatic or wetland envi- 
ronments and verified this with 
ecologists. “We can say that a 
particular species will spend 20% 
its time in one habitat and 10% in 
another,” says Emery. 

She averaged the values of all 
species to get pictures of available 
habitat at given points in time and 
looked for changes in the propor- 
tion of wetland animals from 
1800 B.C.E. to 1821 C.E. (Exam- 
ining shifts in the proportion of 
wetland animals, rather than 
absolute numbers, should correct 
for varying hunting intensity and 
for animal responses to habitat 
change, she said.) 

Although she cautions that 
larger samples are needed, the 
results so far fit well with the 
regional paleoclimate data: 
Swamp-loving species at 22 sites 
increased from 1% to 7% of 
specimens from 600 to 800 C.E., 
a period other proxies pointed to 
as relatively moist. But during 
the Maya collapse from 800 to 
1000 C.E., swampland animals 
declined in all five watersheds from 7% to 
2%, strongly suggesting that wetlands had 
shrunk markedly. However, when viewed 
from this ultralocal perspective, the dry peri- 
ods look serious but not catastrophic, says 
Emery. Not one wetland species in the study 
disappeared completely between 800 and 
1000 C.E. “I don’t think there was anything 
that killed off enough fauna or enough land- 
scape that it would have caused a collapse of 
human populations,” she says. 


GULF OF 


Appeasing the rain gods 

In bark-paper books, Maya scribes painted 
pictures of a rain god they called Chac. Art- 
works show Chac residing in a cave and cre- 
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ating precipitation by pouring water from an 
overturned jar. Between 680 and 960 C.E., 
Maya in western Belize created a Chac- 
oriented drought cult, centered in caves, to 
appeal for rain, according to a study in the 
current issue of Latin American Antiquity by 
University of Arizona, Tucson, archaeologist 
Holley Moyes, Belize Institute of Archaeol- 
ogy president Jaime Awe, and their col- 
leagues. At Chechem Ha Cave, the team 
mapped 300 meters of tunnels and exca- 
vated the central chamber. To illuminate the 
passages—which appear to have been used 
exclusively for ritual—the Maya carried 
wood torches that spewed charcoal, and 
Moyes’s team plotted the specks on each 
excavated surface. The density pointed to 
the intensity of ritual use and to where cere- 
monies were performed. The charcoal pro- 


700 to 1135 C.E., according to paleocli- 
mate studies of luminescence, stable iso- 
topes, and other data in a stalagmite from a 
cave only 15 kilometers away, done by 
geologist James Webster of the U.S. Envi- 
ronmental Protection Agency and col- 
leagues. Moyes and Awe surveyed 53 caves 
in central and southern Belize and found a 
similar pattern of large, whole jars left on 
ledges during the proposed dry period— 
evidence, they suggest, of a previously 
unknown drought cult. “When things get 
really tough, I think the Maya elaborate on 
what they are willing to give these rain 
gods,” Moyes says. “I think they are trying 
to give them nicer gifts.” 

Other researchers say that Moyes’s work 
offers important insights. “This is a novel 
way to address the issue of drought,” says 


Sign of the times. The amount of titanium in sediment drops when rainfall and water erosion decline. These 
data from the Cariaco Basin spotlight four dry periods that may have affected the Maya lands. 


vided 48 radiocarbon dates, showing that the 
Maya had visited the cave repeatedly from 
as early as 1300 B.C.E. to about 950 C.E. 
Over time, the Maya left behind 1901 
ceramic shards or complete pots. 

The team discerned a major shift in ritual 
practices. Before 680 C.E., the Maya jour- 
neyed to the cave’s central chamber to per- 
form rites around a giant stalactite and pool, 
sometimes leaving broken pottery and twice 
leaving an intact jar and whole dish. After 
680 C.E., however, ritualists deposited 51 
whole jars and numerous other partially 
intact vessels, sometimes inverted, through- 
out the cave, including areas previously 
unvisited. “They left more ceramics between 
680 and 960 C.E. than all the other periods 
put together,” says Moyes. Many of the ves- 
sels were large, wide-mouthed jars likely 
used for water collection. “These jars are 
what rain deities use,” says Moyes. “So this 
is the perfect gift for a rain deity.” 

The changing rituals occurred during a 
prolonged dry period in the region, from 


Lisa Lucero, an archaeologist at the Univer- 
sity of Illinois, Urbana-Champaign. “And 
the results support data from other sources, 
such as lake cores.” 


Clearing forests, drying climate 

If drought helped drive the collapse of many 
Maya cities, the Maya themselves may be 
partly to blame: Their own practices, such as 
deforestation, may have changed climate 
and helped speed their downfall. That idea 
was popularized in environmental historian 
Jared Diamond’s 2005 book Collapse. 

The Maya cut trees to plant cornfields 
and use as fuel, both for cooking and for 
heating limestone to make lime for the plas- 
ter they lavished on their building projects. 
Evidence suggests that at least some city- 
states had extensively cleared forests at the 
time of the collapse. A 1988 pollen analysis 
indicated, for example, that the Maya at 
Copan cleared 23 square kilometers of pine 
forest by 800 C.E. And in a paper now in 
press in Estudios de Cultura Maya, archae- 


ologists Isabel Villasefior of University Col- 
lege London and James Aimers of the State 
University of New York, Geneseo, demon- 
strate that the Maya at Palenque and Calak- 
mul substituted inferior clay for lime in their 
plasters just before the Classic collapse, sug- 
gesting most trees were gone. 

At the SAA meeting, a team led by 
archaeologist Thomas Sever of the Univer- 
sity of Alabama, Huntsville, reported the 
first results from a major computer simula- 
tion of climate and deforestation in the Maya 
lands. “There’s always been the notional 
concept that deforestation leads to less rain- 
fall,’ says Daniel Irwin, a research scientist 
at NASA in Huntsville, Alabama. “A lot of 
people have theorized about this impact 
going back in time to the Maya, but this, I 
believe, is the first time a research team has 
used climate models to demonstrate it.” 

Studies show that deforestation affects 
climate in several ways. A logged landscape 
absorbs more sunshine, and its new vegeta- 
tion possesses shallow roots that reduce the 
amount of ground water returned to the 
atmosphere. It also offers less resistance to 
wind, so gusts can quickly replace humid air 
with dry air. To simulate deforestation, 
Sever and colleague Robert Oglesby, a 
paleoclimatologist at the University of 
Nebraska, Lincoln, used two climate models 
and ran two extreme scenarios—complete 
deforestation and an entirely treed land- 
scape—to establish the boundaries of what 
might have happened. 

Removing all trees across the Maya terri- 
tory clearly changed climate for the worse. 
On average, says Sever, “there was a 3° to 
5°[C] increase in temperature, and this led 
to a 20% to 30% reduction in rainfall.” Each 
region was hit a little differently, however. 
“You get a varying amount of decreases in 
rainfall and increases in temperature,” says 
team member Robert Griffin, a Ph.D. student 
at PSU, “so this adds a spatial pattern to it.” 
Of course, not all Maya lands were defor- 
ested, and the study’s next phase will exam- 
ine how farm production affected the extent 
of deforestation and degree of drought. 

Although Maya archaeologists clearly 
have their work cut out for them as they 
gather new kinds of data, some researchers 
think the picture is growing clearer. “Now 
that the data [are] coming in, we can really 
take the idea of climate change seriously,” 
says UCSB’s Fagan. “I don’t think that any- 
one is saying that drought is the only cause, 
but it clearly is a significant factor.” 

—HEATHER PRINGLE 


Heather Pringle is a contributing editor at Archaeology 
magazine. 
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NEWSMAKER INTERVIEW 


Jim Kim on Why He Took the 
Top Job at Dartmouth 


An Ivy League school has broken new ground by hiring an Asian global health specialist 


to build its future 


Jim Yong Kim, 49, a global health leader 
whom Dartmouth College recently selected 
to be its next president, specializes in surpris- 
ing juxtapositions. He is fluent in English, 
Korean, and Spanish. He was born in Seoul 
but grew up in Muscatine, Iowa. In high 
school, he was both valedictorian and quarter- 
back. In 1987, Kim and fellow medical stu- 
dent Paul Farmer co-founded Partners in 
Health, now world-renowned for improving 
health care in Haiti and other poor countries. 
After completing his M.D., he earned a Ph.D. 
at Harvard University in medical anthropol- 
ogy and then launched a Partners in Health 
program to combat multidrug-resistant tuber- 
culosis in Peru. The MacArthur Foundation 
awarded him a “genius” fellowship in 2003, 
and the next year he moved to Geneva, 
Switzerland, to run the HIV/AIDS program at 
the World Health Organization. Kim returned 
to Harvard in 2005 to direct the Francois- 
Xavier Bagnoud Center for Health and Human 
Rights and focus on health care delivery issues. 
He will take the helm at Dartmouth in July. 
Kim spoke with Science on 20 March; these 
comments are edited for clarity and brevity. 
-JON COHEN 


Q: Given your background, why do you want 
to head a university? 

].Y.K.: In every person’s life you have to make a 
choice, and it’s whether you continue to throw 
your own body at problems or step back and 
say my role is going to be leadership. I didn’t 
think I was at that stage necessarily, but when 


Dartmouth asked whether I was interested in 
this job, those are thoughts that rushed into my 
mind. I’ve taken on some major problems in 
the last 25 years, drug-resistant tuberculosis 
and HIV, and those were fantastic experiences, 
but I felt very, very strongly that we needed to 
train the next generation of young people who 
would do this work. 


Q: How did it happen? 

J-Y.K.: A colleague at Harvard, Albert Mulley, 
was the chair of the selection committee. We 
sat down one day and talked about the science 
of health care delivery—he’d done such great 
work in the United States and was getting 
interested in global stuff. About a week later, 
he called me and said, “Hey, Jim, did you ever 
think about being a college president?” I said, 
“Sure, why not?” Here’s why: One of my most 
important mentors, Howard Hiatt, former 
dean of the Harvard School of Public Health, 
said to me, “When people come to you and 
ask you to look at an academic job, even if 
you don’t think that you'd take it, it’s your duty 
as a citizen of the academic world to go look 
at it, think about it, and tell them what you 
would do if you were offered the job.” I met 
with them four times. At each meeting I said, 
“TJ still don’t understand why you guys would 
be interested in me, but if you were to offer 
me the job, here’s what I’d do.” 


Q: And what's that? 
].Y.K.: One of the major crises in the world 
today is how we poorly execute around our 


From field to faculty. Kim (right) 
decided the time had come to swap 
reshaping health care in villages 
like this one in Bobete, Lesotho, for 
a chance to reshape academia at a 
leading university. 


most cherished social goals: 
health care, education, and social 
welfare. There’s this overall ideol- 
ogy that once you have the pill, 
the surgical procedure, the con- 
tent and the curriculum of a uni- 
versity course, the execution and 
delivery will take care of itself. 
Having the product is just the 
beginning. What I am most excited about in 
terms of going to Dartmouth is to really try 
and see if we can develop a science and an 
extraordinarily good practice in delivering 
around these goals. And it’s about leadership, 
management, complex social organizations, 
engineering, and a lot of anthropology. 


Q: Dartmouth emphasized that you're the 
first Asian to lead an elite Ivy League school. 
Does that have meaning to you? 

J.Y.K.: It has a lot of meaning to my mother. 
And it seems to have a lot of meaning to the 
people in Korea. The Korean press has really 
responded to this with great energy. It’s 
almost like I broke a barrier for Koreans. 


Q: You're also the first global health spe- 
cialist to lead an Ivy. 

J.Y.K.: People who do global health now are 
not thought of as these fringe lunatics who 
wear boots and get malaria but [are thought 
of] as people who are relevant in the world 
today. We’ve kind of come of age if one of 
us can become president of an Ivy League 
institution. 


Q: Your focus has always been on diseases 
of poverty. This is a major shift away from 
that, isn’t it? 

J.Y.K.: If I can train a whole bunch of people 
who are really committed to making the 
world better, and if as university president I 
continue to talk about social justice and health 
care in a way that makes sense to a broad pop- 
ulation, I’m not sure my impact on global 
health is going to be diminished. I’m not 
going to Dartmouth to do global health; I’m 
going to Dartmouth to be president. But it 
turns out that the stuff I’m working on really 
fits with Dartmouth. It’s a university that has 
a history of engaging with the rest of the 
world, and it’s more committed to building the 
best possible undergraduate education than 
any institution I’ve ever seen. 
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A Quest for Compassion 


Guided by a passionate leader, a new research institute hopes to draw lessons from 
Buddhism to study altruism and make the world a better place 


Back in 2000, James Doty was living the 
high life. He drove a Ferrari to work and was 
in the process of buying a private island in 
New Zealand, a villa in Tuscany, and a pent- 
house apartment in San Francisco. A neuro- 
surgeon turned biotech investor, Doty had 
amassed more than $70 million, at least on 
paper. At 45, he was planning to retire, 
donate a large chunk of his fortune to char- 
ity, and divide his time between his three 
idyllic homes while doing medical volunteer 
work in developing countries. 

Last month, Doty was standing behind a 
lectern at Stanford University in Palo Alto, 
California, explaining how he’d lost it all in the 
dot-com bust. “Within 6 weeks, I was $3 mil- 
lion in the hole,” he said. He kissed the island, 
villa, and penthouse goodbye. But he decided, 
against the advice of friends and family, to fol- 
low through with stock donations that he’d 
promised before the crash to a handful of uni- 
versities and health charities. (By holding on to 
the stock until the market recovered, the recip- 
ients ultimately received nearly $30 million.) 
Doty says that losing his material wealth made 
him more reflective. “Becoming completely 
detached from something you think you need 
is an interesting exercise,” he said, his voice 
catching with emotion. “What you realize is ... 
it doesn’t define you as a person.” His face 
flushed, he seemed unable to continue. Uncer- 
tainly at first, people began to clap. 

It was an unusually personal speech for an 
academic conference, but it was also an 


unusual conference. The audience included 
psychologists, philosophers, economists, 
neuroscientists, and theologians who'd gath- 
ered for 2 days to inaugurate a new center at 
Stanford for the scientific study of compas- 
sion. Doty is the co-founder and director, and 
he provided $150,000 to get it started. The 
program has also received $1 million each 
from two Silicon Valley investors and 
$150,000 from the Dalai Lama, the most he 
has ever contributed to a research project. 

The new Center for Compassion and 
Altruism Research and Education (CCARE) 
will study the biological roots of benevolent 
behavior and investigate whether mental 
exercises derived from the centuries-old tra- 
dition of Buddhist compassion meditation— 
but stripped of religious trappings—can 
foster compassion in nonbelievers. Doty 
says he is not a Buddhist and does not medi- 
tate, but he thinks such exercises could find 
many uses. Earlier this year, for example, he 
flew to Washington, D.C., to talk with mili- 
tary leaders about treating frontline medics 
and chaplains suffering from “compassion 
fatigue”—a form of traumatic stress brought 
on by caring for traumatized soldiers. 

Doing good science in this area is tricky 
business, cautions CCARE co-founder 
William Mobley, a neurologist and soon-to- 
be head of the neurosciences department at 
the University of California, San Diego. On 
one hand, Mobley says, there’s the risk of 
researchers’ personal beliefs interfering with 


their objectivity. “Scientists are supposed to 
be professional skeptics, but there are people 
in the field ... whose only interest is seeing 
God’s face.” And then there are experimental 
limitations, such as having to rely on first- 
person accounts of what’s going through 
someone’s mind during meditation. Even so, 
Mobley says, scientists who dismiss such 
work out of hand—and he has heard from 
plenty of them—are misguided. “Nothing is 
off-limits to science and critical thinking,” he 
says. “We don’t have great tools, but they’re 
good enough to get started.” 


Defining compassion 
One starting point for scientific inquiry is a 
clear definition of the object of study. Yet the 
recent CCARE meeting made clear that com- 
passion is hard to pin down. If the participants 
had chosen, they might have drawn up a Venn 
diagram of overlapping terms—sympathy, 
empathy, and altruism, to name a few— 
preferred by scholars from different disci- 
plines. Although most participants seemed 
receptive, the juxtaposition of science and 
faith wasn’t to everyone’s liking. “All of this 
quoting His Holiness left and right makes me 
a little queasy,” grumbled one scientist. 
Indeed, the meeting got off to a spiritual 
start with a haunting cello solo, The Invoca- 
tion for World Peace, played by its composer, 
Michael Fitzpatrick, who has performed for 
the Dalai Lama. Thupten Jinpa, a former 
Buddhist monk who has been the principal 
English translator for the Dalai Lama since 
1985, then described the long history of 
examining compassion in philosophy and 
religion and urged scientists to “approach the 
field with openness and perhaps humility.” 
Central to the Buddhist concept of compas- 
sion, Jinpa explained, is the belief that the 
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Source material. A new center for the study of 
compassion and altruism aims to draw lessons from 
Buddhist teachings. 


capacity to feel—and wish to relieve—the 
suffering of others is inborn. The ability to 
feel compassion for family and loved ones 
comes naturally, but people must deliber- 
ately cultivate compassion for wider “circles 
of concern,” Jinpa said. “The highest form of 
compassion transcends all boundaries and 
embraces all sentient beings.” 

Psychologist Paul Ekman, a professor 
emeritus at the University of California, San 
Francisco, whose pioneering work on facial 
expressions and body language was the 
inspiration for the new TV series Lie to Me, 
spoke of the “amazing coincidence” between 
Charles Darwin’s views on compassion and 
morality and those of Buddhism. Ekman 
noted that in The Descent of Man, Darwin 
wrote that one of humankind’s noblest 
virtues “seems to arise incidentally from our 
sympathies becoming more tender and more 
widely diffused, until they are extended to all 
sentient beings.” Ekman recounted reading 
the passage to the Dalai Lama (with whom 
he co-authored a book last year on emotion 
and compassion). When he was sure he had 
understood correctly, His Holiness declared: 
“T am a Darwinian,” Ekman recalled. 

Ekman also noted that Darwin’s observa- 
tion that the sight of suffering causes pain in 
those who observe it meshes well with the 
Buddhist notion that compassion involves 
feeling the suffering of others as unbearable. 
The idea also has a parallel in the research of 
cognitive neuroscientist Tania Singer of the 
University of Zurich in Switzerland, who 
reviewed her studies showing that brain areas 
involved in pain perception also respond 
when people observe another person wince 
from an electric shock (Science, 20 February 
2004, p. 1121). Singer described newer evi- 
dence that one particular area, the anterior 
insula, has a key role in empathy. But, she 
added, such work points to a neural mecha- 
nism for just one facet of compassion, 
which, by most definitions, requires not just 
recognizing suffering in others but feeling 
compelled to do something about it. 

The latter motivation appears to be innate, 
said Felix Warneken of the Max Planck Insti- 
tute for Evolutionary Anthropology in 
Leipzig, Germany. He showed videos of 
experiments in which children as young as 
18 months spontaneously came to his aid as 
he pretended to struggle with various tasks— 
reaching for a marker he’d dropped on the 
floor, for instance. Even chimpanzees some- 
times give unsolicited help, Warneken and 


colleagues have found (Science, 3 March 
2006, p. 1301), suggesting that spontaneous 
altruism is not uniquely human. 

Philosopher Owen Flanagan of Duke 
University in Durham, North Carolina, 
prompted a lively discussion by asking 
whether compassion might be overrated. 
Contemporary moral philosophers and psy- 
chologists have suggested that morality com- 
prises different modules (Science, 18 May 
2007, p. 998), and Flanagan argued that put- 
ting too much emphasis on any single mod- 
ule, such as compassion, at the expense of 
others, such as a sense of fairness and justice, 
may not be in a society’s best interest. 


Translational meditation 

Doty, whose life has cast him in the roles of 
both benefactor and beneficiary, is certain 
that more compassion would be a good thing. 
“T grew up in poverty and had a mother who 
was an invalid and a father who was an alco- 
holic,” Doty said in a recent interview at his 


office at El Camino Hospital in Palo Alto, 
where he is again a practicing neurosurgeon. 
When he was 13, a local woman befriended 
him and taught him to meditate, which he 
says gave him the confidence and sense of 
control he needed to achieve his considerable 
professional and financial success. Having 
attained that mental fortitude, Doty says he 
stopped meditating in college. 

After hearing the Dalai Lama speak at 
Stanford in 2005 on a panel with several 
scientists organized by Mobley, Doty 
decided he wanted to foster more research 
in this area. After many discussions with 
other researchers, he and Mobley launched 
CCARE in January. 

Several pilot studies funded by the project 
are getting under way, including a brain- 
imaging study with novice and expert medita- 
tors and a collaborative study between neuro- 
scientists and economists that will be among 
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the first to investigate the effects of charitable 
giving on its recipients—in this case under- 
graduate students who receive financial aid. 

Stanford psychologist Jeanne Tsai 
recently completed a CCARE-funded study 
on a compassion-training protocol developed 
by Jinpa, who is currently a visiting scholar at 
the school. Undergraduate students without 
extensive experience with meditation or Bud- 
dhism took a weekly, 2-hour course in which 
they first learned meditation basics such as 
posture and breathing techniques. Next, over 
the course of 6 to 8 weeks, a trainer instructed 
them to picture a loved one as vividly as pos- 
sible and concentrate on the sense of concern 
they feel for this person’s well-being. In later 
sessions, they envisioned people they knew 
less well or even disliked and gradually 
expanded this concern to them. 

Tsai randomly assigned 100 willing under- 
graduate students to receive the compassion 
training, training in mindfulness mediation, 
or classes in improvisational theater—to 
control for the possibility that 
simply learning a new skill or 
engaging in a new social activity 
is enough to elicit acts of kind- 
ness. (Volunteers were told they’d 
be participating in a study to 
evaluate several classes thought 
to improve physical and mental 
health.) Online questionnaires 
probed for changes in things such 
as empathic concern and the ten- 
dency to take another person’s 
perspective. Participants also 
kept a daily diary of “positive and 
negative events,” which the 
researchers are now combing for 
evidence of an uptick in compas- 
sionate acts. At the end of the experiment, 
participants read a letter written by a prisoner 
seeking correspondents and were given an 
opportunity to write back and/or donate 
money to a program aimed at stopping abuse 
inside prisons. Tsai says her group is now 
analyzing the data to see whether people who 
got compassion training wrote or donated 
more than those who didn’t. 

A similar study is getting under way to 
investigate whether compassion training for 
medical students might improve their bed- 
side manner. If it works, it would illustrate 
Doty’s greatest hope for CCARE: to take a 
centuries-old religious practice and extract 
from it a set of mental exercises with no reli- 
gious overtones that can be scientifically 
proven to change the way people treat each 
other. It’s a tall order, but without passion like 
Doty’s, it wouldn’t stand a chance. 

-GREG MILLER 
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Stars in Dusty Filing Cabinets 


A campaign to digitize old sky photographs is squeezing new discoveries out of 
observations dating back to the mid—19th century 


In 1962, astronomers discovered a shining 
dot in the sky that appeared to be moving at 
an astonishing 47,000 kilometers per sec- 
ond, or one-sixth the speed of light. The 
velocity indicated that the object—named 
3C 273—-was a few billion light-years away, 
yet it was so bright it could have been a 
nearby star. 

To study the object further, researchers 
delved into a trove of the astronomical past: a 
collection of photographic plates at Harvard 
University dating as far back as the 1860s. 
They spotted 3C 273 on some 600 photo- 
graphs taken with a variety of telescopes over 
70 years, some of them days apart. The 
images showed fluctuations in the object’s 
brightness on time scales as short as a week. 
Because the object could not be dimming or 
brightening faster than light could traverse it, 
the researchers inferred that in spite of being 
more luminous than a billion suns, the object 
had to be less than a light-week across—the 
size of the solar system. The finding helped 
characterize 3C 273 as a new type of object 
known as a quasar, one of the most powerful 
energy sources in the universe. 


The discovery shows the value of historical 
sky observations, says Harvard astronomer 
Jonathan Grindlay, who is leading an initiative 
to scan the 500,000 plates in the university’s 
collection and put them online. The project— 
called Digital Access to a Sky Century at 
Harvard (DASCH)—1s part of a movement 
by a small but persistent group of astron- 
omers to preserve, digitize, and study old 
astronomical photographs in 
hope of doing new science. 

Proponents argue that old 
plates provide the only way 
modern astronomers can 
study astrophysical phenom- 
ena on time scales longer than 
a few decades. “Why would 
you want to wait another 100 
years to learn how certain stars might be 
varying in brightness and position over long 
time periods when we have this resource 
right here in front of us?” asks Grindlay, 
referring to the Harvard collection. 

Preserving and scanning old plates, how- 
ever, has been slow to win support from the 
broader astronomy community and funding 


“Each of these 
collections is like 


a time machine.” 


—GEOFFREY CLAYTON, 
LOUISIANA STATE 
UNIVERSITY 


agencies. Universities and observatories 
often discard plate collections when 
astronomers retire. Digitization projects in 
the United States and Europe—including 
DASCH—have proceeded in fits and starts 
on shoestring budgets. 

“We live in a world where money is 
fixed—so the question is, what is the rela- 
tive merit of the old data compared to new 
data?” says David Monet, an astronomer 
with the U.S. Naval Observatory’s (USNO’s) 
station in Flagstaff, Arizona, who until 2000 
led the scanning of some 20,000 old plates 
for a searchable online sky catalog. 
Although he spent nearly 15 years on that 
project, Monet now thinks historical obser- 
vations are of little value because of limita- 
tions on how accurately the brightness and 
position of objects can be determined on the 
images. “The thrill of going back 50 years” 
is one thing, he says, but “is the science case 
for doing so strong enough?” 

Absolutely, say proponents, citing hun- 
dreds of newly identified variable stars in the 
tiny fraction of Harvard plates digitized to 
date. Meanwhile, the movement to digitize 
archives is getting a push from the Pisgah 
Astronomical Research Institute (PARI), a 
nonprofit in Rosman, North Carolina, which 
has started acquiring plate collections from 
institutions that no longer have room to 
house them. “Each of these collections is 
like a time machine. There’s no substitute 
for having them,” says Geoffrey Clayton, 
an astronomer at Louisiana State Univer- 
sity (LSU) in Baton Rouge. “Even if you 
can’t think of what can be done with them 
today, it’s tremendously important that they 
be preserved.” 


Galaxies on glass 

The Harvard collection occupies parts of 
three floors of an old brick building at Harvard 
College Observatory. The plates, slabs of thin 
glass coated with photosensitive 
emulsion, sit in crowded rows of 
green metal cabinets. Each rests 
in a yellowish brown envelope 
marked with handwritten details 
such as when the photograph was 
taken and with what instrument. 
The oldest is an image of the 
moon from 1849. Many show 
galaxies—a dot with a milky swirl around it, 
tiny yet somehow perfect. One plate shows 
the brilliant tail of comet Halley streaking 
across the sky in 1910. 

The photographs were taken with some 
20 telescopes operated by Harvard astron- 
omers at the observatory, in other parts of 
the United States, and at remote observing 
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stations such as Arequipa Observatory on 
Monte Blanco, Peru. Around 1881, as more 
and more plates started coming in, the then- 
director of the observatory, Edward Pickering, 
realized that the work of documenting the 
positions and magnitudes of imaged objects 
had to be sped up. He put his Scottish maid, 
Williamina Fleming, on the job. She showed 
such talent that the observatory soon hired a 
legion of women, later known as the Harvard 
Computers, to catalog the observations. 

Grindlay and his colleagues began digi- 
tizing the plates in 2008, using a souped-up 
commercial scanner and software specially 
written to translate the scanned images into 
crunchable data. The first step in the scan- 
ning process is cleaning each plate. 
“There’s 100 years of Cambridge 
grime on them. If we didn’t clean 
them, there would be 10,000 more 
stars per plate,” says Alison Doane, 
curator of the collection. Doane and 
her assistant then transfer the plates 
to the scanning room where Edward 
Los, a retired software engineer, 
loads two at a time onto the machine. 
The plates move on a cushion of air, 
like a puck on an air-hockey table, 
for precise alignment. After 90 sec- 
onds, an image of each plate appears 
on a nearby computer screen. 


Digital haystacks 

Usually, as in the search for 3C 273, 
researchers turn to archival plates in 
search of specific objects that have 
grabbed their attention. Bradley 
Schaefer, an LSU astronomer, is typi- 
cal. In recent years, he has searched the 
Harvard archives and the collection of 
300,000 plates at the 84-year-old 
Sonneberg Observatory in Germany 
for past records of recurrent novae. 
Recurrent novae (RNe) are white dwarfs that 
erupt in brilliance every few years or 
decades as they capture material from an 
orbiting companion star. 

Schaefer says he studied thousands of 
images of sky regions where sightings of 
any of the 10 known galactic RNes had 
been reported. The tedious task paid hand- 
some dividends, Schaefer reported at the 
American Astronomical Society meeting 
in Long Beach, California, in January. 
He and colleagues, including his student 
Ashley Pagnotta, discovered six previously 
unknown eruptions, established the orbital 
periods for all RNes except one, and pre- 
dicted when they would erupt next. Schaefer 
says the most significant result was detecting 
long-term changes in the orbital periods of 


two RNes, evidence that both white dwarfs 
were gaining mass between successive erup- 
tions. He concludes that these two RNes will 
“soon enough collapse” as Type la super- 
novae—white dwarfs that burn with an 
extraordinarily high but fixed amount of 
incandescence because they’ve reached a 
critical mass from the matter acquired from 
the companion. He says the finding supports 
the idea that Type las are born from RNes. 
Grindlay says digitizing old plates can 
allow researchers to find interesting phe- 
nomena instead of being limited to search- 
ing for specific objects. “Once you’ve 
identified your needle in the haystack, then 
you can figure out what’s going on with it,” 


Old and new. Curator Alison Doane preps plates before they are 
loaded onto a scanner customized for Harvard's digitization project. 


he says. His doctoral student, Sumin Tang, 
has been trying out the approach using an 
algorithm to search for variable stars on the 
1500 or so plates that have been scanned so 
far at Harvard. Among three long-term vari- 
able stars she has found is one that appears 
to have dimmed significantly over the past 
90 years. “One hypothesis is that the star is 
throwing off a dust shell to make itself 
obscured. Maybe we are seeing the star in 
an interesting stage in its evolution,” says 
Tang, who is following up with targeted 
spectroscopic measurements. 


Old data, new science 

So far, the $4 million needed to scan the 
whole Harvard collection hasn’t material- 
ized. However, Grindlay is optimistic about 
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persuading university administrators to 
make the funds available, not least because 
digitizing the plates would allow Harvard to 
reclaim the room the collection currently 
occupies. “You'll never find a more inexpen- 
sive way to clear out that much office space 
in Cambridge,” he points out. The project has 
until now been supported by $600,000 from 
the National Science Foundation, used pri- 
marily to build the scanner and develop soft- 
ware to handle and analyze images. 

Digitization efforts are under way at 
other places as well. More than a third of the 
300,000 plates at the Sonneberg Observa- 
tory have been scanned in the past 5 years. 
The scanned images are sitting on compact 
discs, says astronomer Peter Kroll, 
who formerly worked at the observa- 
tory and now heads a software com- 
pany—4pi Systeme GmbH—that has 
run the institution since late 2003. 
The company, which has bankrolled 
the project with profits from its other 
ventures, hopes to put the image 
database on the Web in the coming 
months, Kroll says. 

The Royal Observatory of Bel- 
gium (ROB) in Ukkel, which like 
Harvard has developed a special 
scanner for old photographic plates, 
is digitizing a collection of some 
3000 images of the moons of Jupiter 
and Saturn. The observations, made 
by Dan Pascu of USNO in Washing- 
ton, D.C., will help “recalculate the 
orbital parameters” of the moons and 
study how the orbits of certain moons 
like Io “have changed over time,” says 
Jean-Pierre de Cuyper, an astronomer 
at ROB, which is collaborating with 
USNO and the Paris Observatory. 

For every collection being 
scanned, many others are gathering 
dust, says Michael Castelaz of PARI. In the 
past 5 years, the nonprofit has “rescued” 
half a dozen collections from institutions 
that could no longer house them. One exam- 
ple: some 10,000 plates from the Warner 
and Swasey Observatory at Case Western 
Reserve University in Cleveland, Ohio, 
which were sitting in shrink-wrapped cabi- 
nets in “the back of a large university stor- 
age room behind old office and classroom 
furniture,” Castelaz says. 

Castelaz says it will take a lot of time and 
tedium to put the images online. But to him 
and other proponents of archival astronomy, 
the effort is entirely worthwhile. As they see 
it, the future of astronomy would be poorer 
without revisiting its past. 

—-YUDHIJIT BHATTACHARJEE 
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To prevent cruelty 
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LETTERS 


edited by Jennifer Sills 


Retraction 


BOOKS | 


Supporting farm 
animal research |@® ae 


POLICY FORUM | 


SCIENCE HAS RECEIVED THE RESULTS OF THE KAIST RESEARCH INTEGRITY COMMITTEE INVESTIGATION 
of the Report published in Science by J. Won et al. (1). According to an English translation 
commissioned by Science, the committee found that the original data underlying the experi- 
ments reported in Science are not available and that many of the results in the paper were 
fabricated. Therefore, the data, results, and conclusions in the Won et al. Report are clearly not 
reliable, and Science is hereby retracting the paper. 


Reference 
1. J. Won et al., Science 309, 121 (2005). 


Opportunity in the Wake 


of Natural “Disasters” 


THE MEDIA AND GENERAL PUBLIC OFTEN PER- 
ceive major natural disturbances as catastro- 
phies that destroy the environment. However, 
this view is derived from the perspective of 
human population and infrastructure. From an 
ecosystem perspective, natural disturbances 
are often required to maintain ecosystem 
function (for example, some plant germina- 
tion occurs by way of fire, and sediments and 
nutrients are redistributed by floods). The 
inappropriate impression of total destruction 
can give rise to inappropriate environmental 


ae 


After the flood. Although major events such as floods can be 
catastrophic for humans, ecosystems can benefit from them. 
More research funding can lead to a better understanding of 


these overlooked effects. 


BRUCE ALBERTS 


responses, such as widespread and intensive 
salvage logging. 

Unfortunately, in many cases, excellent 
opportunities for scientific and management 
learning from large natural disturbances are 
limited or lost because of the absence of readily 
available funding to implement a rapid research 
response. In the United States, the National 
Science Foundation has a small program called 
Special Grants for Ecological Research for 
immediate research response following major 
natural disturbances. This program does not 
provide for long-term support for research on 
ecosystem responses and post-disturbance 
management, and, to our knowledge, there are 
no parallels in other countries. 

More funding for scientific and man- 
agement learning after major natural 
disturbances is crucial given that (1) evi- 
dence suggests the prevalence of large 
natural disturbances will increase, and 
(ii) we need to better understand how to 
respond to such disturbances, especially 
to ensure that post-disturbance manage- 
ment activities do not make recovering 
ecosystems even more risk-prone to 
subsequent disturbances (/). 


DAVID B. LINDENMAYER,** GENE E. 
LIKENS,? JERRY F. FRANKLIN,? 
RACHEL MUNTZ? 
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The Hard Problem 


IN THE LETTER “NEUROSCIENCE AND THE 
soul” (27 February, p. 1168), M. J. Farah and 
N. Murphy state that eventually neuroscience 
and the material system it describes may be 
able to explain all facets of being human. This 
idea strikes me as a somewhat naive and sim- 
ple faith in scientific progress rather than an 
accurate assessment of current thinking on 
this issue. Some years ago, the philosopher 
David Chalmers referred to the problem of 
consciousness (how physical processes in the 
brain give rise to subjective experience) as the 
“hard problem” (/). We are no closer to know- 
ing or understanding how this happens today, 
so the problem remains hard and should be 
acknowledged as hard. In the absence of such 
understanding, personal opinions and beliefs 
about this question should not be presented as 
genuine knowledge. 

EDWARD J. NEAFSEY 
Department of Cell Biology, Neurobiology and Anatomy, 


Loyola University, Chicago Stritch School of Medicine, 
Maywood, IL 60153, USA. E-mail: eneafse@lumc.edu 
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The Way Forward in 
the World of Robotics 


N. SHARKEY EXAGGERATED THE DANGERS OF 
robotics use in his Perspective on “The ethical 
frontiers of robotics” (19 December 2008, 
p. 1800). Although the number of child-minding 
robots has increased in some countries, such 
technology should perhaps be regarded as a 
special case of ubiquitous medical comput- 
ing, smart homes, and telemedicine; these are 
sources of ethical challenges, to be sure, but 
they do not warrant preying on emotions by 
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invoking threats of child neglect and abuse 
(/, 2). Intuitively, we also suspect that nanny- 
bots are not good for the psychological devel- 
opment of children left in their care, but until 
empirical research demonstrates this, we must 
suspend judgment; such research might, in 
fact, find no harm at all. Similarly, we are as 
horrified and angry as Sharkey is when non- 
combatants are harmed by military robots, but 
whether such devices generally increase or 
reduce the number of civilian casualties is also 
an empirical question. 

The job of applied ethics is not limited to 
warning about worst-case scenarios. Rather, it 
must include the identification and analysis of 
challenges raised by new technologies and the 
identification of suitable precautions, con- 
straints, and trade-offs required to protect 
safety, privacy, and liberty. 

Sharkey has made a start as regards robot- 
ics, but much more needs to be done. The 
agencies that fund these technologies should 
ensure that adequate resources are devoted to 
the analysis of concomitant ethical, legal, and 
social issues. 

KENNETH W. GOODMAN?* AND 
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lEthics Programs, University of Miami, Miami, FL 33101, 
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Response 

| THANK GOODMAN AND EINSPRUCH FOR 
their thoughtful comments on my paper. I 
agree that the job of applied ethics should not 
be limited to worst-case scenarios, but I feel 
that the issues I raised about robotics in care 
and in the military need to be dealt with 
urgently before we sleepwalk into a world of 
neglect and indiscriminate killing. 

I disagree with Goodman and Einspruch’s 
suggestion that we should wait for the empiri- 
cal evidence before placing ethical constraints 
on the use of autonomous weapons. There is an 
ongoing and accelerating proliferation of mil- 
itary robots in research, development, and 
application. What evidence there is about the 
development of smart bombs and weapons 
technology since World War II indicates an 
increase rather than a decrease in the numbers 
of civilian casualties (/). I value empirical 


methods, but not when it comes to betting on the 
lives of innocent civilians. Moreover, I am doubt- 
ful as to the impact of empirical findings about 
noncombatant deaths. Until these weapons can 
be shown to discriminate between civilians and 
combatants, I believe that they belong in the 
same class as mines and sensor-fuzed weapons 
that have been banned by many countries. 

In addition, I do not regard child-minding 
robots “as a special case of ubiquitous medical 
computing, smart homes, and telemedicine.” 
It is the mobility and exploitation of the chil- 
dren’s anthropomorphic projection to create 
bonding, trust, and attachment that makes 
robots different from other smart sensing sys- 
tems. Again, I think that waiting for empirical 
research to demonstrate psychological harm 
to children is dangerous. Suspending judg- 
ment about possible harm when many empiri- 
cal studies show the lasting effects of neglect 
is not a good option. 

Goodman and Einspruch and I agree that 
considerably more ethical appraisal is re- 
quired before and at the time of developing 
new technologies rather than waiting to see 
the outcomes. History has taught us that once 
a technological genie is out of the bottle, we 
can’t get it back in again. 

NOEL SHARKEY 


Department of Computer Science, University of Sheffield, 
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Culling Whales: Ethically 
and Ecologically Wrong 


WE APPRECIATED THE POLICY FORUM “SHOULD 
whales be culled to increase fishery yield?” 
(L. R. Gerber ef al., 13 February, p. 880), 
which showed that a removal of whale bio- 
mass would prove largely ineffective in 
rebuilding fish stocks, and hope that the work 
will have the desired impact on international 
discussions. However, it is important not to 
miss an opportunity to state that culling 
whales would be ecologically wrong and ethi- 
cally unsound regardless of its likely conse- 
quences on fish stock biomass. 

The complex and often fragile interactions 
among organisms, and between them and the 
natural environment, make it unreasonable to 
reduce ecology to a sum of cause-and-effect 
phenomena. Recent studies have shown the 
dramatic consequences of biodiversity loss in 
the oceans and its ripple effects on trophic 
webs (/—3). Such dramatic changes have 
occurred as a by-product of unsustainable 


fisheries management; fiddling with the sys- 
tem by actively removing cetacean popula- 
tions would result in unfathomable damages. 
Even if cetaceans were significantly ham- 
pering the rebuilding of fish stocks and their 
removal were inconsequential for the system, 
would anyone have the right to “intervene” 
and cull? From a purely ethical standpoint, the 
answer is no. It would be farcical to let an 
entire order of already endangered mammals 
take the blame for our gross mismanagement 
of the planet’s living resources. 
DAVID BALATA* AND STEFANO MARIANI 


School of Biology and Environmental Science, University 
College Dublin, Dublin, Ireland. 
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Linguistics More Robust 


Than Genetics 


IN THEIR RESEARCH ARTICLE “LANGUAGE 
phylogenies reveal expansion pulses and 
pauses in Pacific settlement,’ 23 January, 
p. 479), R. D. Gray et al. analyzed a very large 
lexical data set on 400 Austronesian lan- 
guages to shed light on Polynesian origins. 
The study raises the classic issue of how 
closely patterns of genetic and linguistic evo- 
lution correspond, and which better reflects 
ancient population histories (the Research 
Article rejects some genetic-based recon- 
structions of Austronesian history). 

Other recent studies in the Pacific have 
shown the robustness of linguistic phylo- 
genetic reconstructions in comparison to 
genetic ones, when adequate linguistic data 
sets are available (/, 2). Any congruence 
between linguistics and genetics is disrupted 
when populations speaking unrelated lan- 
guages are in close contact. In such cases, 
genetic distinctions between groups rapidly 
become blurred, because genetic exchange 
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is generally more prevalent and pervasive 
than is language borrowing or adoption. 
Languages are more integrated sets of fea- 
tures than are gene pools. Language change 
does not occur in a social vacuum, and socio- 
linguistic pressures to maintain distinctions 
between groups can evidently have a strong 
inhibitory effect against linguistic conver- 
gence. This underlines the comparative 
power of historical linguistics for recon- 
structions of population histories, especially 
in contact situations. 
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TECHNICAL COMMENT ABSTRACTS 


Comment ON “Colossal lonic 
Conductivity at Interfaces of 
Epitaxial Zr0.:Y,0,/SrTi0, 
Heterostructures” 

Xin Guo 


Garcia-Barriocanal et al. (Reports, 1 August 2008, 
p. 676) reported colossal conductivity enhancements in 
yttria-stabilized zirconia (YSZ)/strontium titanate (STO) 
epitaxial heterostructures and claimed that the conduc- 
tivity was ionic. | argue that the claimed ionic conductiv- 
ity lacks experimental support and that the observed 
conductivity enhancement is most probably due to the 
p-type conductivity of STO. 

Full text at www.sciencemag.org/cgi/content/full/324/ 
5926/465a 


RESPONSE TO ComMeENT ON “Colossal 
lonic Conductivity at Interfaces of 
Epitaxial Zr0.:Y,0,/SrTi0, 
Heterostructures” 

). Garcia-Barriocanal, A. Rivera-Calzada, 


M. Varela, Z. Sefrioui, E. Iborra, C. Leon, 
S. J. Pennycook, J. Santamaria 


Guo suggests that the reported ionic conductivity of 
Zr0,:Y,0,/S'TiO, heterostructures might be due to the 
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electronic conductivity from the SrTiO,. We point out 
shortcomings in his reasoning and underscore that our 
results show that any electronic contribution to the con- 
ductance is at least three orders of magnitude lower 
than the ionic contribution determined by ac methods. 


Full text at www.sciencemag.org/cgi/content/full/324/ 
5926/465b 


CORRECTIONS AND CLARIFICATIONS 


News of the Week: “India allows government scientists to 
own companies” by P. Bagla (6 March, p. 1278). The caption 
for the photograph was incorrect. It should have read, 
“More freedom. Kapil Sibal, Indian science minister, holds 
an Indian-made hand-held computer. The change in regu- 
lation will help government inventors go commercial.” 


Reports: “Mutations in the FUS/TLS gene on chromosome 16 
cause familial amyotrophic lateral sclerosis” by T. J. 
Kwiatkowski Jr. et al. (27 February, p. 1205). The fifth author 
should have been listed as Charles R. Vanderburg. His affilia- 
tion also was incorrect; it should be Harvard NeuroDiscovery 
Center, Harvard University, Boston, MA 02115, USA. 


Reviews: “Network analysis in the social sciences” by S. P. 
Borgatti et al. (13 February, p. 892). On page 892, the final 
sentence in the legend for Fig. 1 was missing. The sentence 
should read: “Dashed lines represent mutual repulsion.” 


Reports: “Coherence factors in a high-T, cuprate probed by 
quasi-particle scattering off vortices” by T. Hanaguri et al. 
(13 February, p. 923). The present address for K. Ohishi 
should read: “Advanced Meson Science Laboratory, RIKEN, 
Nishina Center for Accelerator-Based Science, Wako 351- 
0198, Japan.” 
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Early Steps Toward Animal Rights 


Charles G. Gross 


he abuse of animals has 
| a long history, as do 
religious and _philo- 
sophical justifications for such 
practices. Ancient Greek scien- 
tists dissected live mammals 
with no compunction. After all, 
unlike humans, other mam- 
mals did not possess the high- 
est form of pneuma, rational or psychic 
pneuma. [However, the great Roman physi- 
cian-researcher Galen did prefer to work on 
pigs rather than monkeys, to avoid the 
“unpleasant expression” (/) on the monkeys’ 
faces when they were tied down and cut into.] 
Saint Augustine thought there was no “com- 
munity of right” between humans and animals 
and therefore no restriction on using or killing 
them. Later Saint Thomas Aquinas set the 
Christian line: “By the divine providence [ani- 
mals] are intended for man’s use. ... Hence it 
is not wrong for man to make use of them, 
either by killing or in any other way whatever.” 
Aquinas did note, in a continuing tradition, 
that being cruel to animals might be bad as it 
could lead to being cruel to people. Descartes, 
the uber-rationalist pillar of the 
Enlightenment (and a physiol- 
ogist as well), taught that 
humans and all other animals 
were machines. Nevertheless, 
he held that only humans had a 
rational soul, making them 
alone capable of feeling pain. 
In doing so, he deviated from 
almost every commentator 
from Aristotle on—including 
the church fathers, who real- 
ized that animals could suffer. 
The screams of a tortured ani- 
mal, Descartes believed, were 
just squeaks of a machine. 
Kathryn Shevelow’s For 
the Love of Animals offers a fascinating 
account of the development of the animal pro- 
tection movement in Great Britain in the 18th 
and early 19th centuries. There were plenty of 
animals to be protected—and not merely 
working animals. Bear baiting, dog fights, 
bull runs, cockfights, public executions of 
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For the Love of Animals 
The Rise of the Animal 
Protection Movement 


by Kathryn Shevelow 
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“criminal” animals, and a great 
variety of other entertainments 
involving the maiming and 
usually death of animals were 
popular entertainments across 
classes. These activities seem 
to have been endemic and 
gave us such terms as cockpit 
(where cocks fought), hangdog 
(the expression on the face of a dog executed 
for a crime like filching a piece of meat), dog- 
fight, top dog, and underdog. Such occasions 
were considered valuable to developing 
British virility, as in The Beggar’s Opera when 
Polly Peachum advised the beginning pick- 
pocket Filch, “You must go to Hockley in the 
Hole and Marybone, child, to learn valour.” 
Those were sites of bearbaiting, a euphemism 
for dogs tearing apart a chained bear or being 
killed in the attempt. 

The book’s hero is Colonel Richard 
“Humanity Dick” Martin, M.P., a fiery Irish 
aristocrat, scarred from multiple duels. He 
played a major role in the “world’s first animal 
protection law,” Parliament’s “Ill-Treatment of 
Cattle Act” of 1822. In 1835, a year after he 


died, the act was extended to bulls, dogs, and 
even cats. Previously, starting in 1800, pro- 
posed laws against bull baiting or for the pro- 
tection of other animals had been repeatedly 
defeated. The arguments against such laws 
were manifold but boiled down to three prin- 
cipal objections: If one stopped bull and bear 
baiting, next might be upper-class blood 
sports like fox hunting (not outlawed until 
2005). The working classes should not be 
deprived of their traditional British entertain- 


Banned in 1835. Bull baiting (print, 1820). 


ments. And Parliament had no right to inter- 
fere with personal life. 

The strengths of For the Love of Animals 
are the many well-told anecdotes. These illu- 
minate the horrors of lower-class blood 
sports, the growth of the practice of keeping 
pets, performing animals, fake and real mon- 
sters, animal “crimes,” and the colorful per- 
sonalities of those supporting or opposing 
animal protection laws. 

Alas, the book does not deal adequately or 
at all with a number of important developments 
in the history of animal rights through this 
period. One is the influence of Jeremy 
Bentham’s utilitarianism. He wrote in 1789, 
“The day may come when the rest of the animal 
creation may acquire those rights which never 
could have been withheld from them but by the 
hand of tyranny.... The question is not Can they 
reason? nor Can they talk? but, Can they 
suffer?” (2). Another is the startling difference 
between the British (who Shevelow makes out 
to be particularly bloodthirsty) and the French. 
Francois Magendie and Claude Bernard, the 
French founders of modern experimental phys- 
iology, routinely carried out vivisection on 
awake animals and were French heroes. By 
contrast, English biologists such as Marshall 
Hall and Charles Bell inveighed against such 
practices. Indeed, a famous portrait of Bernard 
vivisecting a rabbit became an antivivisection 
poster in England. A third important but 
omitted subject is the widespread interest in 
evolution—from the writings of Jean- 
Baptiste Lamarck, Robert Chambers, 
Erasmus Darwin, and others—that 
clearly implied the continuity of 
human and other animals. 

Lastly, it was disappointing that 
Shevelow ends her account before 
discussing the great struggle over 
animal experimentation in the 1870s. 
That decade, the formidable Frances 
Power Cobbe headed a coalition of 
feminists, abolitionists, vegetarians, 
and anti-immunizers against the 
medical and scientific establish- 
ment, including Thomas Huxley and 
Charles Darwin. The extended battle 
involved Queen Victoria and 
Disraeli, the arrest of the physiologist David 
Ferrier, and real street agitation. It led to the 
compromises that became the bases of laws 
regulating animal experimentation in the 
United Kingdom and, eventually, the rest of 
the world. All these developments have been 
treated in detail in works by Richard French 
(3) and Nicolaas Rupke (4), neither of which, 
curiously, is cited in the book. 

Shevelow (a specialist in 18th-century 
British literature at the University of Cali- 
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fornia, San Diego) makes her position clear at 
the end of the book. There she solicits contri- 
butions to, among other groups, People for the 
Ethical Treatment of Animals, some of whose 
leadership and members have been involved 
in advocating and carrying out actions against 
animal experimentation. Although sometimes 
sentimental and even treacly, For the Love of 
Animals provides an interesting if rather anec- 
dotal prehistory of the animal rights move- 
ment in Britain. 
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MULTICELLULAR ORGANIZATION 
Hows and Whys 
of Coming Together 


Rex L. Chisholm 


he cellular slime molds occupy an inter- 
esting place in biology. Sometimes 
viewed by model-organism purists as a 
stepsister in the family of model systems, their 
intriguing place in evolution, their interesting 
life-style, and (to some extent) their gee whiz 
curlosity factor put Dictyostelium into nearly 
every basic biology textbook. In The Social 
Amoebae, John Tyler Bonner, the current patri- 
arch of the slime mold community, provides a 
personal, insightful, and sometimes whimsical 
overview of the biology of these fascinating 
organisms. Bonner (an emeritus professor of 
biology at Princeton University) sets out to 
give a broad picture of the state of knowledge 
and to highlight key outstanding questions 
where study of the social amoebae might 
offer important new insights. He succeeds 
admirably at these goals. 

The book consists of eight short chapters 
focused on topics that include evolution, 
ecology, behavior, morphogenesis, and dif- 
ferentiation. In each chapter, Bonner lays 
out his view of what is known about 
Dictyostelium, placing it in the context of 
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Marked for study. A Dictyostelium discoideum 
fruiting body whose spores have been tagged with 
green fluorescent protein in (left, transmitted light; 
right, fluorescent microscopy). 


broader biological questions of biology, and 
points to interesting aspects that still need to 
be explored. 

When considering evolution, the author 
focuses on why these organisms might have 
come to be “social.” A crucial feature of the 
social amoebae life cycle is the transition 
from single amoebae to a multicellular “tis- 
sue” composed of hundreds of thousands of 
individual cells. It is widely believed the main 
value of this interesting example of biological 
cooperation is to maximize the spread of the 
organism. Typically, this cooperation is 
driven by starvation—a key 
biological indicator of hard 
times. Most of the social 
amoebae use the power of 
cooperation to produce struc- 
tures that elevate the spores 
from the surfaces on which the 
cells had been growing, with 
the spores sitting atop (or 
along) a stalk of some sort. 
Bonner discusses the idea that 
this maximizes the possibility 
of insects picking up spores and carrying 
them much greater distances than might hap- 
pen by more passive modes of distribution, 
such as being blown by the wind. He wonders 
whether the social nature of the slime molds 
arose after the appearance of insects that 
could serve to maximize the dispersion of 
spores. One interesting observation Bonner 
notes is that the evolutionarily more recent 
species tend to have larger fruiting bodies 
than the more ancient species—a potential 
point of support for ongoing selection for 
maximizing spore dispersion. 

The social amoebae provide a nearly 
unique experimental opportunity to explore 
biological “altruism.” A typical feature of 
their life cycle is the sacrifice of some cells to 
become stalk cells that ultimately die and play 
only a supporting role for the spores that have 
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the opportunity to live on. Bonner explores 
how this behavior is influenced by genetic 
relatedness. It is interesting and important that 
mixtures of species will sort themselves out— 
limiting the benefit of loss of self to geneti- 
cally related individuals. One fascinating 
story highlights mutants that cheat death by 
preferentially becoming spores when mixed 
with normal cells, but which produce normal 
fruiting bodies and stalks when in pure popu- 
lations composed only of cheaters. This 
behavior raises a number of compelling ques- 
tions for biologists to ponder—exactly 
Bonner’s goal for telling the story. 

Although it is amazing that individual 
cells sacrifice their individuality for the good 
of the species, equally astonishing are the 
complex behaviors the tissues they form can 
exhibit. In his chapter on behaviors of the 
amoebae and cell masses, Bonner highlights 
the phototactic and thermotactic capabilities 
of the multicellular pseudoplasmodium or 
slug stage. There is still much to be learned 
about how these tissues coordinate activities 
of thousands of cells to produce a slug that 
can crawl directionally in response to its 
environment. Unlike the typical metazoan, 
social amoebae populations grow to maxi- 
mize their numbers of individual amoebae, 
whereas most multicellular organisms grow 
in the context of tissue forma- 
tion. Bonner suggests slime 
molds offer many lessons 
about how to make a tissue. He 
describes what happens when 
a slug is cut in half—it forms 
two new slugs that ultimately 
produce two smaller but 
normally proportioned fruit- 
ing bodies—or when one 
slug happens to crawl across 
another—they are as likely to 
swap posterior halves as not. Bonner cor- 
rectly notes that we have a lot to learn from 
these “simple” organisms. 

The Social Amoebae is certainly a must- 
read for anyone working with these orga- 
nisms. It should also reward any biologist 
interested in social behavior, ecology, and 
evolution. An easy Sunday afternoon read, 
the book will keep the biologist engaged and 
provide the nonbiologist many interesting 
phenomena to ponder. In an era when 
research is driven by technological develop- 
ments and sophisticated instrumentation, 
Bonner celebrates the power of keen obser- 
vation, simple but insightful experiments, 
and the importance of keeping in mind the 
big picture. These are worthwhile reminders 
for all who love science. 
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Farm Animal Research in Crisis 
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he annual economic value of livestock 

and poultry sales in the United States 
currently exceeds $132 billion (/), yet 

only about 0.04% ($32.15 million) (2) of the 
$88 billion Department of Agriculture (USDA) 
budget in fiscal year 2007 (3) was allocated 
to its competitive grants program for 
research that directly involves agricul- 
turally important domestic animals. By 
contrast, the Department of Health and 
Human Services (DHHS) apportioned 
4.1% ($29.5 billion) of its $716 billion 
budget in fiscal year 2008 to the Nat- 
ional Institutes of Health (NIH) of which 
~80% supported extramural research 
(4). Whether this direct comparison 
between USDA and DHHS is appropri- 
ate may be debatable; still, it clearly 
illustrates the huge disparity in total 
budget available for research grants 
focused on animal agriculture, about 
1/918th that for human health. The pri- 
vate sector does invest in agricultural 
research and development, but, under- 
standably, such funds are highly fo- 
cused on commercial interests and not 


As time has passed, however, Hatch funds 
and other research formula funds, even with the 
help of matching dollars from states, have 
declined markedly in constant dollars and have 
been insufficient to maintain research farms and 
other infrastructure—let alone the research pro- 


FARM ANIMALS AS BIOMEDICAL MODELS 


Inadequate funding threatens vital agricultural 
and biomedical research with farm animals. 


runner of the present-day competitive USDA 
grants program grew out of the NRC report 
and has funded many notable advances in agri- 
cultural practices for increased food safety, 
reproductive efficiencies, and diets to meet 
specific animal production systems. Since 
1990, this program has been called the 
National Research Initiative or NRI, 
and it currently supports studies in 
domestic species, from applied to very 
basic mechanistic and molecular 
studies. In October 2009, a new grant- 
ing body, The National Institute for 
Food and Agriculture will be estab- 
lished to replace the USDA CSREES 
(Cooperative State, Research, and 
Education Service). 

Furthermore, as of 1 October 2008, 
the NRI was replaced by a new com- 
petitive grants program for agriculture, 
the Agriculture and Food Research 
Initiative (AFRI), which has a greater 
level of congressionally authorized 
funding in the farm bill (e.g., $700 mil- 
lion per year for AFRI versus $500 
million per year for the NRI). How- 


: : ; Obesity Ovarian cancer ne ; 
on basic research of the kind we discuss. ; e ever, an appropriation exceeding $150 
The Hatch Act of 1887 provided the pipe Nutten million is only a fairly recent event (9), 
USDA with the first mandate to spon- Aging Immunology and the total AFRI budget in the 2009 
sor extramural research in the United Cardiovascular disorders Genomics appropriation only amounted to $201.5 


States. It funds federal laboratories and 
provides annual support to state agricul- 
tural colleges through a formula based 
on each state’s share of rural and farm 
populations. In general, “formula funds” 
support little fundamental research, but 
instead are focused on applied, mission- 
orientated programs, teaching, and ex- 
tension of information to the public in the 
nation’s land-grant colleges. Although this for- 
mula for distributing funds may be outmoded, 
the program has been largely responsible for 
the strength of US. agricultural research. 
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Research areas that could potentially be advanced by using farm 
animals as biomedical models. For appropriate farm animal models 
for specific diseases and references, see www.adsbm.msu.edu. 


grams—necessary for colleges of agriculture to 
remain viable (5). Instead, faculty researchers 
have been obliged to seek alternative sources 
of funds to support their programs, including 
“earmarks” from influential lawmakers. 
Unfortunately, the U.S. Congress failed to 
authorize USDA to conduct a well-funded, 
comprehensive, peer-reviewed, competitive 
grants program for agriculture after World War 
II. Indeed, in its first report in 1972 (6), the 
National Research Council (NRC) warned 
ominously that “grossly inadequate support 
has been given to the basic sciences that under- 
pin agriculture.” Subsequent reports echoed 
this same theme (7, 8). Nonetheless, the fore- 
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million (/0). Moreover, in contrast to 
NIH, AFRI received no funding from 
the recently enacted economic stimulus 
package. Thus, it remains to be seen 
whether the change in title and man- 
date of the agency will improve future 
prospects for research on farm ani- 
mals and whether the congression- 
ally authorized $700 million per year in fund- 
ing for AFRI will be appropriated. 

Dismal funding for basic mechanistic and 
molecular research in farm animals has paral- 
leled other trends within colleges of agriculture 
and departments of animal sciences. In the last 
two decades, there has been a 44% decrease in 
research support from federal and state agencies 
(5). Faculty positions in animal science depart- 
ments at some of the larger land-grant institu- 
tions have fallen by more than 50% over the last 
30 years. That this decline is systemic is sup- 
ported by NSF’s Survey of Earned Doctorates, 
which indicates that awarded doctorate degrees 
in the animal sciences declined 30% from 1985 
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to 2004 (//, 12). In addition, enrollment in 
Master’s and Ph.D. programs declined 9 and 
16%, respectively, between 2004 and 2006 
alone (/2). Equally troubling is the rapid disap- 
pearance of breeds and genetic lines of domes- 
tic species, especially evident for poultry (73); 
these are irreplaceable genetic resources. 

Are farm animals really necessary to ad- 
vance biomedical research? Seventeen Nobel 
Prize winners have used farm animals such as 
cattle, pigs, sheep, goats, horses, and chickens 
as research models (/4), yet their value is gen- 
erally underappreciated. Recently, application 
of the tools of genetic manipulation and 
extending genome sequencing efforts in farm 
animal species [e.g., the published sequence 
for the bovine (/5) and for the chicken (/6) ge- 
nomes and ongoing sequencing efforts in 
swine (http://piggenome.org/index.php)] have 
provided new opportunities. The data will gen- 
erate insights not only into gene function, but 
also into genetic and environmental influences 
on animal production and human disease. 

There are numerous examples of com- 
pelling domestic species models relevant to 
diverse areas of biomedical research, includ- 
ing comparative physiology and genomics, 
cloning, artificial insemination, “biopharm- 
ing” to produce high-value pharmaceuticals in 
milk, osteoporosis, diabetes-induced acceler- 
ated atherosclerosis, asthma, sepsis, alco- 
holism, and melanoma (see figure). Because of 
their size and relatively long generation inter- 
val, domestic species such as sheep are widely 
used to unravel the mechanisms whereby the 
environment (e.g., diet, temperature, and toxi- 
cants) may “program” the developing embryo 
and fetus, resulting in adult onset of disease 
(17, 18). Mice with a disrupted CFTR gene are 
helpful in studying some aspects of cystic 
fibrosis, but they fail to develop the hallmark 
pancreatic, lung, and intestinal obstructions 
that occur in humans. The CFTR knockout pig 
model, derived by somatic cell nuclear transfer 
using CFTR-null fibroblasts, better mimics 
human pathology than do mouse models (/9). 
The baby pig is the model of choice for 
research on human infant nutrition, and swine 
also develop chronic diseases (atherosclerosis, 
gastric ulcers, and obesity) observed in humans 
(20). Further, size does matter when it comes to 
animal models. Surgery, blood sampling, tissue 
recovery, serial biopsies, instrumentation, 
whole-organ manipulations, cloning, and many 
other biomedical applications (2/) are more 
easily achieved in animals larger than a mouse. 

As pointed out in recent commentaries (5, 
22), the number of scientists trained to work 
with large animal models is decreasing along 
with numbers of research centers. There is also 
an idiosyncratic, but long-standing, “cultural” 
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segregation between colleges of agriculture 
and colleges of human medicine, veterinary 
medicine, and the basic life sciences disci- 
plines, even when all are located on the same 
campus. This situation has diminished collabo- 
ration and often has failed to challenge tradi- 
tional animal science thinking. At many institu- 
tions, the isolation of animal science programs 
has, we believe, contributed to poor recruit- 
ment of top-notch researchers with an appreci- 
ation of newer and emerging technologies. 
There also are perceived concerns, raised 
during recent USDA- and NIH-sponsored 
workshops (www.adsbm.msu.edu), that pro- 
posed uses of agricultural species as models for 
biomedical research are not received well by 
NIH study sections and require more extensive 
justification than research proposed using 
rodent models. An analysis of funded NIH 
grants from 2002 to 2006 that made use of ani- 
mals revealed that ~98% employed rodents, 
primarily mice, whereas the already small 
number of funded grants that used farm ani- 
mals declined by 30% (5). The mouse is 
now overwhelmingly the comparative animal 
model of choice in such studies because its 
small size and relatively low cost of mainte- 
nance trump the numerous attributes of the 
cows, sheep, pigs, and other farm animals as 
valuable biomedical models. But, the eco- 
nomic value of farm animals often offsets 
much of the associated expenses for their use in 
research. The mouse, however, reproduces rap- 
idly, has a fully sequenced genome that can be 
readily manipulated by either adding or knock- 
ing out selected genes, and is available as a 
myriad of inbred and mutant strains. Despite 
the attractiveness of the mouse, a range of ani- 
mal models is required to understand how 
genomes have evolved to drive processes such 
as reproduction and memory and to extrapolate 
this genetic information to humans (23). 
Although a cost-benefit analysis of research 
specifically on animal agriculture has never 
been performed, annual returns on federal 
investment for all agricultural research is 
reported to be 49 to 62% (24). There certainly 
must also be improved use of existing public 
funds for the public good. For example, federal 
agencies should develop joint strategies and 
adjust portfolios to encourage funding focused 
on large animal models when appropriate, 
including establishment of research centers 
comparable to the NIH-funded National Swine 
Research Center on the University of Missouri 
campus. The NIH could develop a funded pro- 
gram committed to advancement of promising 
alternative animal models, including farm ani- 
mals. The NIH Center for Scientific Review 
should ensure that applications that plan to use 
domestic animal models receive informed 
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input by including individuals with the neces- 
sary expertise on review panel rosters. Within 
colleges of agriculture and veterinary medi- 
cine, there should be incentives to recruit non- 
traditional faculty who are prepared to interact 
with the broader life sciences community and 
to pursue funding aggressively from NIH. In 
particular, administrators must not back away 
from defending the use of farm animals for 
both agricultural and biomedical research. The 
“protected island fortress” of agriculture, usu- 
ally located on the “other side of campus,” is an 
anachronism that is no longer viable as state 
and federal support for research with large ani- 
mal models declines. 
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versities in the United States serve as the 

portals that connect undergraduates to 
frontiers in research and scientific ways of 
thinking (/—3). According to the National 
Research Council report, BJO2010 (4), how- 
ever, teaching practices have not changed in 
correspondence with advances in scientific 
research. Consequently, the gateway through 
which most students pass is 
antiquated and misrepre- 
sents the interdisciplinary, 
collaborative, | evidence- 
based culture of science. To 
provide faculty with the 
knowledge and skills they 
need to improve undergrad- 
uate teaching, BJO2010 rec- 
ommended an annual sum- 
mer institute for biology fac- 
ulty devoted to teaching and 
learning. Here, we report the 
design of such an institute 
and its impact on partici- 
pants’ teaching practices, 
challenges faced when they 
returned to their institutions, and how they dis- 
seminated institute practices. 
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SI alumni as agents of change. Two years after 
the SI, most SI alumni report leading educational 
reform efforts at their home campuses (n = 75). 


of Wisconsin—Madison partnered to cre- 
ate and implement the National Academies 
Summer Institute on Undergraduate 
Education in Biology (SI) (5, 6) (http:// 
academiessummerinstitute.org). Offered 
annually since 2004, the SI has as its goal 
helping biology faculty learn the skills 
necessary to transform high-enrollment under- 
graduate courses into more effective, learner- 
centered environ- 
ments, by using 
practices proven to 
be effective. During 
the week-long insti- 
89 tute (7), SI parti- 

cipants learn about 

“scientific teach- 


Respondents (%) 
who engaged 
in activity 


72 ing” (8-10); they 
develop teaching ma- 
terials that define 

25 students’ learning 


goals, include class- 
room activities that 
address these goals, 
and assess student 
learning. Participants 
also explore the challenges and benefits of 
diversity in teaching methods and in the stu- 
dents they teach. They also are expected to 
practice and disseminate the new activities 
they developed upon returning to their home 
campuses. Starting in 2007, SI participants 
were provided additional training and 
resources to conduct workshops about scien- 
tific teaching for other faculty at 
their institutions. 

Admission to the SI is by 
competitive application. Priority 
is given to universities that send 
teams of two to three instructors, 
ideally including both junior and 
senior faculty, who teach large 
introductory biology courses. 
Applicants must demonstrate 
financial support from their 
campus for travel to the SI and 
for implementation of new teach- 
ing practices when they return to 
their campuses. Since 2004, five 
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The goal of the National Academies Summer 
Institute is to change teaching practices in 
introductory, undergraduate biology courses. 


cohorts from 64 U.S. institutions in 36 
states have participated in the SI. These in- 
clude public and private institutions, of 
which 69% are research-extensive (offer- 
ing a wide range of baccalaureate pro- 
grams, and committed to graduate educa- 
tion through the doctorate). The 107 male 
and 102 female participants include 39% 
tenured faculty, 33% untenured faculty, 
and 27% instructional staff (7). Collect- 
ively, these SI alumni teach an estimated 
student population of over 90,000 under- 
graduates annually. 


Reported Changes in Teaching Practices 

On leaving the SI, participants reported by 
survey significant learning gains in areas of 
scientific teaching (P < 0.001) (7). Most SI 
alumni (87%, n = 135) reported increased 
confidence in their ability to implement 
these strategies after the SI and expressed 
their intentions to do so. To determine 
whether these attitudes persisted and the 
intentions were realized, we again surveyed 
SI alumni | and 2 years after the SI. Over the 
2-year period following the SI, alumni 
reported sustained learning gains and confi- 
dence, and 98% indicated that they were still 
experimenting to improve their teaching (7). 
When asked to describe evidence that their 
teaching had changed over the past 2 years, 
96% of the survey respondents provided 
examples that ranged from identifying spe- 
cific activities that are now different in their 
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The effect of SI on reported teaching practices. SI alumni (n = 
68) used scientific teaching approaches more frequently two 
years after the SI (red) than before the SI (blue). 
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classrooms—using case studies, clickers 
(audience-response systems), or cooperative 
groups—to describing general attributes 
about their teaching and student learning 
generally. These perspectives included 
demonstrations of improved 
learning by their students, and 
attempts to research, measure, 
and document the effects of 
their changed practices. 

The frequency with which SI 
alumni reported using learner- 
centered classroom activities 
(active learning), measuring stu- 
dent learning and teaching 
effectiveness (assessment), and 
employing diversity-aware teach- 10 
ing strategies (diversity) in- 
creased substantially in the two 
years after their participation in 
the SI; more than 68% of partici- 
pants reported using these meth- 
ods in at least half of their class 
sessions (see chart, p. 470, right). 
SI alumni also reported using techniques to 
engage students such as problem—based and 
cooperative learning multiple times each 
semester (7). 

SI alumni reported using multifaceted 
assessments of student learning and teaching 
effectiveness, and teaching methods that pro- 
vide immediate feedback about learning, 
including listening to groups of students dis- 
cuss problems, inviting student responses 
(often using clickers), and scoring rubrics (7). 
One alumnus summarized his changes in 
teaching practice as follows: “I look over the 
material I presented ... [before the SI] and 
realize how much I have changed the empha- 
sis to student learning.... My syllabus lists 
learning objectives for each class period, and 
those learning objectives are reflected in mul- 
tiple forms of formative assessment and in 
the exams students take.” SI alumni also 
reported gains in broadening their definition 
of diversity to include diversity of student 
learning styles and the application of diverse 
teaching methods (7). 
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Challenges: Anticipated and Actual 

Upon leaving the SI, participants were asked 
what challenges they anticipated facing as 
they implemented new instructional materi- 
als and teaching approaches at their home 
campuses. Many participants predicted that 
gaining cooperation of colleagues in their 
departments would be most difficult. 

One year later, the group of alumni were 
asked to rate what actually proved to be the 
major challenges. They found that time pres- 
sures, balancing responsibilities, and lack of 
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recognition for their teaching efforts were 
most challenging (see chart, below). However, 
some alumni commented that the SI enabled 
them to negotiate change. For example: “The 
stature of attending the SI has helped me gain 


Classroom 
infrastructure 


Faculty 
cooperation 


Recognition for 
teaching 


respect of colleagues in the department to fos- 
ter their consideration of such methods....” 
This recognition may be aided by naming 
each participant as a National Academies 
Education Fellow in the Life Sciences. 

Other barriers, such as funding limita- 
tions, also did not turn out to be as signifi- 
cant as predicted. One participant stated: 
“Before this workshop, I thought lack of 
resources (funds!) would be a problem. Now 
I know that lack of funds for various gadgets 
is just an excuse on my part. No funds are 
required for: forming student groups, pre- 
testing, post-testing, etc.” 


Dissemination 

SI alumni are asked to become agents of 
change and to promote improvements in 
undergraduate biology education at their 
home institutions and nationally. They have 
taken this charge seriously (see table, p. 470); 
most have talked informally about the SI to 
colleagues in their departments (98%); others 
have led events, including formal seminars, 
workshops, and institutes; 25% reported writ- 
ing manuscripts about their teaching efforts 
[e.g. (2/-17)]. Many alumni (74%) reported 
that colleagues in their department were posi- 
tively affected by their team’s experience in 
the SI. In addition, 44% of the respondents 
reported mentoring a colleague in teaching 
within 6 months of the SI; and 2 years after the 
SI, this number increased to 89%. 


Conclusions 


The SI changes the university experience for 
the faculty participants and the students they 
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teach. SI alumni disseminate the principles 
of scientific teaching, thereby acting as a 
coherent force for advancement in science 
education and improvement in student learn- 
ing. The participants chose to attend the SI; 


Balancing 
responsibilities 


Implementation challenges. Challenges predicted by participants at the end of SI 
(blue, n = 67); reported challenges 1 year after SI (red, n = 101). 


consequently, they may be pre- 
disposed to consider change in 
teaching practices and, there- 
fore, are not representative of 
undergraduate science educa- 
tors. However, independent of 
their starting points on the con- 
tinuum, the SI participants 
reported substantial change in 
their teaching practices and 
efforts to disseminate informa- 
tion both formally and infor- 
mally. Some have also pub- 
lished effects on student learn- 
ing. Further research is needed 
to triangulate these results with 
independent assessment of 
classroom teaching practices 
and their effects on student 


learning. Such studies are under way, as are 
those that examine the impact of SI partici- 
pants on their departments and broader 
teaching communities. 


References and Notes 


. E. Seymour, N. M. Hewitt, Talking About Leaving: Why 


Undergraduates Leave the Sciences (Westview Press, 
Boulder, CO, 1997). 


. J. B. Labov, Cell Biol. Educ. 3, 212 (2004). 
. R.L. DeHaan, J. Sci. Educ. Technol. 14, 253 (2005). 
. National Research Council, B/O2010: Transforming 


Undergraduate Education for Future Research Biologists 
(National Academies Press, Washington, DC, 2003). 


. W.B. Wood, J. Handelsman, Cell Biol. Educ. 3, 215 (2004). 


. B. Labov, Cell Biol. Educ. 2, 202 (2003). 

Materials and methods are available as supporting online 
materials. 

. Handelsman et al., Science 304, 521 (2004). 

. Handelsman, S. Miller, C. Pfund, Scientific Teaching (W. 
H. Freeman, New York, 2007). 


. D. Ebert-May, J. Hodder, Pathways to Scientific Teaching 


(Sinauer Associates, Sunderland, MA, 2008). 
.K. Knight, W. B. Wood, Cell Biol. Educ. 4, 298 (2005). 


. C. Dirks, M. Cunningham, CBE Life Sci. Educ. 5, 218 (2006). 
. N. Armstrong, S.-M. Chang, M. Brickman, CBE Life Sci. 


Educ. 6, 163 (2007). 


. S. Freeman et al., CBE Life Sci. Educ. 6, 132 (2007). 
. A. Crowe, C. Dirks, M. P. Wenderoth, CBE Life Sci. Educ. 7, 


368 (2008). 


. M.K. Smith, W. B. Wood, J. Knight, CBE Life Sci. Educ. 7, 


422 (2008). 


. N. Aguilar-Roca, A. Williams, R. Warrior, D. K. O'Dowd, 


Int. J. Scholarship Teach. Learn. 3, 1 (2009). 


. Supported by the HHMI Professors Program, The National 


Academies, the Research Corporation for Science 
Advancement, NSF, and the University of 
Wisconsin—Madison Provost's Office. Several of the 
authors (A.C., K.B., J.G., |.M.K., M.S., R.W., W.B.W., J.H., 
J.B.L., A.P.F., and R.LY.) have served on the SI Advisory 
Board. 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/324/5926/470/DC1 


10.1126/science.1170015 


471 


472 


PLANT SCIENCE 


Exploring Terra Incognita 


David J. Mabberley 


uring visits in May 2006 and February 

2007 to Ogaden (or the Somali Nat- 

ional Regional State of Ethiopia, as it 
is formally called), the botanist Mats Thulin 
and his team encountered a tree previously 
unknown to science on limestone hills south- 
east of the town Kebri Dehar. The researchers 
soon found that it dominates the vegetation 
over large areas in southeastern Ogaden, cov- 
ering an area of at least 8000 km? (see the 
figure, panel A). For comparison, the Greek 
island of Crete has an area of 8379 km’. 
Hundreds of the trees were inspected on the 
ground, and tens or probably hundreds of 
thousands were seen with binoculars; the total 
number must be in the millions. The tree, a 
species of Senegalia (Leguminosae), is about 
6 m tall, with a canopy 8 to 10 m in diameter. 
It flowers when leafless during the dry season 
(see the figure, panel C). Thulin has recently 
formally described it as Acacia fumosa (1). It 
differs from its relatives by having, among 
other things, a gray, smooth bark and pink 
flowers (see the figure, panels B and C). 

About 10,000 new species across all 
groups of organisms are described each year 
(2). Some 2350 of these are flowering plants 
(3). From Africa alone, around 300 new 
species of flowering plants are described each 
year; in the past two decades, one of the 
African countries with the most newly de- 
scribed species has been Somalia. The high 
figure for that country, which has a long bor- 
der with Ogaden, reflects the activities of the 
Flora of Somalia project, which was com- 
pleted in 2006 (4). During the course of this 
project alone, 400 new species of flowering 
plants were discovered and described (4). 

The vast majority of the new species of 
flowering plants described from Somalia and 
elsewhere in recent years are either confined to 
small areas, where they may be locally com- 
mon, or are rare plants with scattered distribu- 
tions. For example, Cyclamen somalense, dis- 
covered in 1986 (5), is known only from ~1 
km? in northern Somalia. In the case of some 
species of large rain-forest trees recently 
described from Cameroon (6, 7), only a few 
individuals are known. As a rule, the most con- 
spicuous or dominating elements of any flora 
in the world have long been known. 
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Anew tree. (A) Ogaden is the area dominated by A. fumosa. (B) A. fumosa in habitat. (C) Flowering branch. 


There are unusual cases, such as Com- 
miphora chiovendana (8), a common shrub 
or small tree in Somalia known from an area 
of more than 200,000 km? (almost the size 
of Great Britain). However, this plant had 
been known since 1924, but was incorrectly 
identified with another species. This is not 
the case for A. fumosa. It was of course 
known to the few local inhabitants, who do 
not, however, seem to have a specific ver- 
nacular name for it; nor was it said to have 
any particular uses. 

How can a conspicuous tree like this, 
which covers practically every hill-slope 
over an area as large as Crete, be unknown to 
science? The probable explanation is the 
inaccessibility of the area (it can be seen 
from a drivable track only in a few places) 
and the general unrest that has plagued the 
region throughout its history. As a result, the 
area has been very little visited by botanists 
or other scientists. 


A tree new to science dominates the vegetation 
over an area of at least 8000 km? in an African 
war zone. 


= 


One may ask what else can be found in a 
terra incognita like this. There are certainly 
more new species of plant to be discovered in 
Ogaden (9) and in other parts of the world, but 
the existence of another unknown tree domi- 
nating the vegetation over such a large area is 
highly unlikely. 
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PHYSICS 


Where Is My Quantum Computer? 


P. Hemmer’ and J. Wrachtrup? 


he title question is echoed by electrical 
engineers and consumers alike. It has 
now been 15 years since quantum 
computing came to the forefront of popular 
science with its promise of superpowered 
computers for the future, so it is natural to be 
wondering when the first commercial prod- 
ucts will appear on the market. 

Actually, the answer may seem somewhat 
surprising: The quantum computer is already 
here. Demonstration versions are available 
from several companies (/, 2), and high-per- 
formance versions have been (3) and are cur- 
rently being (4) constructed. Although these 
devices are referred to as quantum cryptogra- 
phy or quantum key distribution systems (5), 
they operate on similar principles as does a 
quantum computer. Individual quantum bits 
(qubits) in the form of photons are sent out 
one at a time in one of four polarizations that 
redundantly encode 0s and 1s. When a qubit is 
received, an attempt is made to perform a sin- 
gle qubit operation, called the Hadamard 
transformation (see the figure); this operation 
is one of the most elemental quantum comput- 
ing operations, from which more complex 
codes can be constructed. Whenever this oper- 
ation succeeds, the data are discarded; what is 
left behind is a random one-time code that can 
be used as an unbreakable cipher. 

This seems a long way from what we 
would consider to be a superpowered quan- 
tum computer capable of doing sophisticated 
calculations using quantum entanglement, 
but consider the next generation of quantum 
secure communication systems, currently 
under development, that are based on the the- 
oretical concept of quantum teleportation (6). 
Here, the information itself is never even 
transmitted but appears at the receiver as a 
result of the peculiar properties of quantum 
mechanics. What could be more secure 
than that? A quantum teleporter additionally 
requires two qubit operations to be performed 
to create entangled states. Measurements 
determine what kind of entangled state domi- 
nates, and this is much like reading out the 
answer from a quantum computation. Photons 
were teleported long ago, but it is generally 
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accepted that qubits in material systems are 
needed to store entanglement long enough to 
ensure its presence before attempting telepor- 
tation. This was recently shown using atomic 
vapors as a qubit storage medium. Long-dis- 
tance matter qubit teleportation has also been 
accomplished with individual trapped ions 
(7), opening the door to error-correction pro- 
tocols needed to make teleportation practical. 

Single-qubit and two-qubit gates like those 
used in teleportation are sufficient to con- 
struct even the most complex quantum com- 
puter (8). A quantum teleporter will be the 
first to incorporate all the key elements of a 
general purpose quantum computer. 

Also under development are quantum 
repeaters that are needed to make secure quan- 
tum communication work over long distances, 
such as over Internet optical fibers (9). These 
repeaters perform even more complex quan- 
tum computation operations such as entangle- 
ment purification, and it is expected that non- 
trivial quantum computers will be needed at 
the repeater nodes to accomplish these tasks. 
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With applications in quantum cryptography, 
rudimentary quantum computers already exist. 


For example, the purification protocol (/0) 
that can be implemented on a few-qubit quan- 
tum computer for a diamond-based system 
(1) holds the promise to do these operations 
in a scalable microchip system. Some key 
components have already been demonstrated 
at room temperature (/2). 

So quantum computers are now a reality 
and will continue to be developed. However, 
the long-term emphasis will shift from factor- 
ing large numbers to break classical codes, to 
applications that emphasize the unbreakable 
nature of quantum codes. 

What will be the first consumer product? 
Every time we search the Internet, information 
is collected about us and our personal habits, 
whether we like it or not. A quantum computer 
could prevent this from happening. For exam- 
ple, a recently proposed quantum algorithm 
uses the highly fragile nature of quantum 
entanglement to let us know whether the 
search engine we queried peeked at our search 
terms or not (/3). The implementation of this 
is not unlike the quantum key distribution 
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Quantum key distribution. The transmitter, Alice, sends single photons with linear polarization oriented in 
one of four possible directions, chosen at random. Orthogonal polarization directions encode logical Os and 
1s. For example, a photon in the horizontal-vertical (HV) basis H can represent logical 0 and V a logical 1. In 
the diagonal (DI) basis D+ can represent logical 0 and D— a logical 1. If the receiver, Bob, selects the same 
basis as Alice, then he can determine with 100% accuracy whether a 0 or 1 was transmitted. If the bases are 
different then there is a 50% chance of getting the wrong answer. Discarding this data leaves behind a ran- 
dom shared code that can give absolute security when used as a one-time cypher. However, if we look more 
closely at the polarizing beam splitter Bob uses to distinguish polarization states, we find that it can actually 
create well-defined mixed polarization states. For example, if Alice transmits the D+ state and Bob receives 
in the HV basis, there is equal amplitude in H and V states. In essence, the input state D+ = |0,> is converted 
to the output state H + V = 0,> + |1,>. Similarly the input state D— = |1,> is converted to H — V = 10,>— 
|1,>. But this is exactly the action of a single qubit Hadamard gate. 
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systems that allow us to detect the presence of 
an eavesdropper by an unexplained increase in 
error rate. There may well be a valuable con- 
sumer product in a few years. 

Other possible applications include 
implementing quantum games (/4). Again, 
security is the key consideration. If you are 
playing a big-stakes game—such as sealed- 
bid auctions, digital rights management, or 
looking for alternatives to taxation for public 
goods allocation—you want to be sure that 
the other gamers, or even the system admin- 
istrator, are not cheating. You may also want 
to ensure that your move is anonymous, so 
that it is more difficult for other players to 
guess your strategy. Quantum computers 
may offer a way to provide these functions, 
and, additionally, the inherent randomness of 
some quantum measurements may be able to 
enhance fairness. 


Whether or not we eventually have quantum 
security chips in our laptops, the spin-offs from 
quantum computing research are likely to be at 
least as exciting. Consider, for example, that 
single-spin qubits in diamond might be used as 
ultrasensitive magnetometers operating as nano- 
scale probes in living cells (75). Other appli- 
cations include quantum imaging for super- 
resolution and lensless ghost imaging (/6), as 
well as ultraprecise atomic clocks (/7) that can 
measure general relativistic effects in the uni- 
verse or at least give us a more accurate global 
positioning system. Quantum computers are 
here and are likely to become an important part 
of our everyday lives in the not-so-distant future. 
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GEOPHYSICS 


The Thickness of Tectonic Plates 


Barbara Romanowicz 


fundamental premise of plate tecton- 
As on Earth is that rigid lithospheric 
plates, formed at mid-ocean ridges, 
float above a more deformable substratum, the 
asthenosphere (/). The precise nature of the 
asthenosphere is still debated. Mechanical 
models predict a well-defined, sharp litho- 
sphere-asthenosphere boundary (LAB), 
but evidence for such a boundary from con- 
ventional seismic measurements is ambi- 
guous. On pages 499 and 495 of this issue, 
Kawakatsu et al. (2) and Rychert and Shearer 
(3) present analyses of more sophisticated 
seismic studies that help refine the LAB and 
hence the thickness of the lithosphere and 
tectonic plates, although challenges still 
remain in picking out this boundary versus 
other structures within the lithosphere. 
Observations of seismic surface waves 
reveal a well-developed zone where seismic 
wave velocities are low under the ocean 
basins, at depths of about 80 to 200 km. This 
low-velocity zone (LVZ), which also causes 
strong losses of seismic energy, likely corre- 
sponds to the low-viscosity asthenosphere. 
The thickness of the overlying high-velocity 
lithospheric “lid” increases with age, which 
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would be expected as the plates cool after for- 
mation. The lithosphere is thickest under the 
oldest, most stable part of continents, the cra- 
tons, and here the asthenosphere is poorly 
developed. Recent estimates that combine 
seismic tomography, heat flow, and geochem- 
ical data from kimberlites (rocks that originate 
from the mantle) constrain the lithospheric 
thickness to about 200 to 250 km under the 
cratons (4-6). 

Other major boundaries in the earth, such 
as the core-mantle boundary, are more readily 
observed by seismic body waves that travel 
through the planet and encounter composi- 
tional discontinuities or phase changes. In 
contrast, detection of the LAB has been elu- 
sive, and it has been difficult to determine 
whether the seismic properties of the LVZ 
arise from partial melting of rocks (7), from 
increased water content (5, 9), or simply from 
the competing effects of increasing tempera- 
ture and pressure with depth (/0). 

One approach that has been successful for 
detecting and characterizing fainter mantle 
discontinuities is that of “receiver functions” 
(/1), in which conversions of elastic energy 
from compressional to shear (Ps) or from 
shear to compressional (Sp) waves are iden- 
tified on broadband seismic records. This 
approach constrains the depth, sign, and 
amplitude of velocity jumps across disconti- 
nuities. Receiver function studies have identi- 


Seismic studies continue to refine the elusive 
boundary that defines the depth at which the 
lithosphere ends. 


fied drops in velocity at candidate LABs at 
depths of about 70 to 80 km under ocean 
islands (/2) and from 80 to 110 km under rel- 
atively young parts of continents (/3). 

Ocean islands, however, generally sit on 
“anomalous” mantle, such as regions of 
hotspot plumes. The observation of the LAB 
under the more representative ocean basins 
has been hampered by the lack of seismic sta- 
tions on the ocean floor. The high-quality 
observations of both Ps and Sp conversions at 
LAB depths made by Kawakatsu et al. were 
enabled by the long-term operation of several 
low-noise seismic borehole observatories on 
the ocean floor in the western Pacific Ocean 
(14). The sharpness of the LAB boundary 
rules out a purely thermal origin or one aris- 
ing only from increased water content. The 
authors convincingly argue that partially 
melted rock must be present. This melting 
process is enhanced by the presence of 
increased amounts of water at this depth, as 
was predicted experimentally (/5). 

The LAB has also been difficult to detect 
at the expected depths under the cratonic 
parts of continents (/6). Numerous other 
discontinuities, with either positive or nega- 
tive jumps in seismic velocity, have been 
observed at shallower depths and are often 
referred to as the Hales discontinuity (/7). 
Rychert and Shearer present the results of a 
global study of Ps receiver functions in vari- 
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ous tectonic settings, such as 
ocean islands, tectonic or 
stable parts of continents, in 
which they consistently de- 
tect a sharp negative gradi- 
ent that may correspond 
to the LAB at a depth that 
varies surprisingly little be- 
tween oceanic islands (70 + 
4 km) and Precambrian 
shields and platforms that A 
make up continental cratons 
(95 + 4 km). The large 
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nuity, because it may extend over 
a larger depth range and may not 
involve partial melt but, rather, a 
change in anisotropy related to 
the strong shear experienced at 
the base of the plates. This differ- 
ence could explain why receiver 
function studies fail to detect it 
consistently. Such a scenario is 
compatible with some LRSP 
results (2/), as well as the obser- 
vation of a change in the direc- 
tion of fast axis of azimuthal 


velocity drop of shear waves 
of 6 to 9% indicates that this 
effect is not caused by chan- 
ges in temperature or com- 
position alone. 

The study of Rychert 
and Shearer raises several B 


Depth (km) 
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anisotropy in the velocity of 
shear waves around the expected 
depth of the LAB, both in ocean 
basins (22) and under cratons 
(23). Under the oceans and under 
the younger parts of continents, 
the zones of partial melt and 


intriguing questions. Is the 
nature of the discontinuity 
found by them worldwide 
and the same everywhere, 
and is it the same as that 
found by Kawakatsu et al. 
in the ocean basins? How is 
the ~95-km discontinuity 
found under shields and 
platforms related to the 
LAB? Why is the expected 
LAB at depths of about 200 
km so hard to detect? 

One approach for resolv- 
ing the different seismic sig- 
natures is to make compar- 
isons with the results of high- 
resolution studies of the 
continental lithosphere from 
dense, long-range seismic profiles (LRSPs). 
These studies consistently find a negative 
compressional velocity jump at a depth of 
about 100 km (the so-called “8 degree discon- 
tinuity”’) (78). At greater depths, the waves are 
strongly scattered, which suggests that fine 
layers are present that alternate between high 
and low velocities. Such a structure could form 
if heterogeneous inclusions (which could be 
fluid inclusions) were present (78). These fea- 
tures are likely related to the discontinuity 
found by Rychert and Shearer as well as to the 
Hales discontinuity. 

The LRSP studies also see features below 
the 8 degree discontinuity. In shield regions, 
the LVZ is narrow (10 to 20 km); below it, 
seismic velocities are faster down to depths 
of about 200 km. In the younger tectonic 
parts of continents, the LVZ extends to 
greater depths. A localized zone of some- 
what depressed shear-wave velocities in the 
cratonic lithosphere is also consistent with 
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Shear-wave slowdown. How seismic shear-wave velocity changes with depth in the 
upper mantle differs for oceanic and continental regions. Results from two recent 
global tomographic models illustrate the difficulty in identifying a signature of the lith- 
osphere-asthenosphere boundary. (A) The regions sampled in the profiles are indicated 
by different colors for continental cratons (solid) and ocean floor (broken lines). Black 
lines indicate global averages. The global data sets are not identical, but in both cases, 
they include long-period seismic waveforms sensitive to shear velocity in the upper 
mantle. The models differ in the initial one-dimensional model used in the linearized 
inversion. In (B), it is designed to fit the global data on average while keeping varia- 
tions with depth smooth (26). In (C), it is a mineralogically meaningful (pyrolite) model 
with more detailed depth variations (27). In both models, velocities are greater under 
cratons than under oceans down to 200 km depth, and velocity decreases with depth, 
with a minimum centered at 100 to 150 km under the oceans (similar to results of 
Kawakatsu et al.) and 200 to 250 km in the cratons. In the higher-resolution model (C), 
a stronger, more localized negative gradient at the base of the cratonic lithosphere is 
present. A “dip” in velocity occurs at depths around 100 km for both continents and 
oceans (as seen also by Rychert and Shearer). 


some recent tomographic shear-wave veloc- 
ity models (see the figure). These results sug- 
gest that the continental discontinuity seen at 
about 100 km is not the LAB but more likely 
the remnant signature of the formation of 
cratons in archean times (/9). 

Although negative velocity jumps at 
depths of around 100 km under cratons have 
been attributed to the LAB (20), such con- 
clusions are incompatible with surface wave 
and teleseismic travel-time data, which 
tightly constrain the average seismic veloci- 
ties in the upper mantle. Rather, there seem 
to be two distinct features: a negative discon- 
tinuity with little topography (from 60 to 70 
km in tectonic regions to about 100 km under 
cratons) that is not a mechanical boundary, 
and a LAB that is not as sharp but has much 
greater topography, ranging in depth from 60 
to 80 km in ocean basins to 200 to 250 km 
under cratons. Under shields and platforms, 
the LAB may not be detectable as a disconti- 
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re strong seismic anisotropy, because 
of shear at the base of the litho- 
spheric plates, would overlap, 
in agreement with Kawakatsu et 
al.’s finding of partial melt zones 
that are horizontally elongated. 
Finally, in the Rychert and 
Shearer study, only Ps conversions 
were considered, but in continental 
settings where the crust is thick, 
strong multiple reflections from the 
crust can mask the signal from pos- 
sible discontinuities at depths 
around 200 km. The Sp conversion 
approach does not have this draw- 
back (24). As the Transportable 
Array component of Earthscope is 
moved across the Rocky Mountain 
front and into the North American 
shield (25), the combination of surface wave, 
Ps and Sp receiver function, and other scattered 
wave field approaches should shed more light 
on the fine structure of continental roots and 
their formation, as will similar efforts world- 
wide. Likewise, further confirmation of the 
partial melt at the oceanic LAB detected by 
Kawakatsu ef al. will require sustained efforts 
in the installation of broadband ocean floor 
observatories in oceanic basins. 
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CELL SIGNALING 


To Divide or Not to Divide 


Jan M. Skotheim 


he irreversible decision a cell makes 
| when choosing its fate is based on 
diverse sources of information. How a 
cell integrates multiple signals into an all-or- 
none decision is the fascinating subject of a 
new study by Justman ef al. (7) on the matura- 
tion of amphibian oocytes in response to the 
hormone progesterone. On page 509 of this 
issue, the authors show that interacting feed- 
back loops within the network of cellular sig- 
naling pathways modulate sensitivity to pro- 
gesterone in response to external cues. De- 
pending on the generality of the solution, this 
work may have broad implications for cellular 
transitions contingent on multiple signals. 

In the frog Xenoupus laevis, an oocyte 
arrests cell division (meiosis) and remains 
quiescent until progesterone triggers its matu- 
ration into a fertilizable egg. The hormone 
rapidly activates signaling pathways that 
induce the oocyte to resume meiosis. This 
switchlike response in maturation is based on 
a positive feedback loop that is activated by 
the input progesterone signal (2). For an inter- 
mediate progesterone input, there is great cell- 
to-cell variability in the response: Some 
oocytes proceed through meiosis, whereas 
others do not respond. Commitment is deter- 
mined by engagement of the core positive 
feedback loop (see the figure). Beyond the ini- 
tiation of positive feedback, removing the 
activating progesterone signal has no effect, a 
characteristic of bistable dynamical systems. 
That is, the system (oocyte) can exist in either 
of two stable states and transition from one 
(immature) to the other (mature). 

Positive-feedback motifs are found in 
many genetic and biochemical circuits that 
control transitions in cellular states. However, 
positive feedback does not imply bistability. 
In addition to feedback, bistable systems 
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Looped organization. (Top) GSK-3f forms part of a double- 
negative feedback loop that modulates the progesterone 
threshold required to induce positive feedback—driven mei- 
otic maturation in Xenopus oocytes. (Bottom) The solid lines 
indicate the steady-state output for a constant input signal. 
Two solid lines for the same input indicate hysteresis, i.e., that 
the eventual steady-state output reflects the time-dependent 


history of the input. 


require nonlinear elements to produce a dra- 
matic threshold response (such as the transi- 
tion from an immature to mature oocyte). 
Thus, an input signal (such as progresterone) 
that exceeds a critical value will rapidly ramp 
up output, whereas subthreshold signals pro- 
duce little, if any, response. In the context of 
oocyte maturation, the mitogen-activated pro- 
tein kinase (MAPK) signaling cascade is a 
component of the positive feedback loop that 
exhibits a nonlinear input-output relationship 
and is likely to be central to the bistable sys- 
tem response (3). 

Although the feedback-driven nature of 
the dynamical system producing a threshold 
response to progesterone had been character- 
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The analysis of signaling circuits governed by 
threshold-sensitive switches may reveal why a 
particular network architecture is selected to 
control a biological process. 


ized, it remained unclear whether this 
response might be modulated to pro- 
duce a robust output in different envi- 
ronments. Justman et al. show that two 
physiological signals—hormone and 
nutrient—are integrated into the feed- 
back circuit responsible for oocyte 
maturation. They also identify a previ- 
ously uncharacterized, additional dou- 
ble-negative feedback loop that shifts 
the progesterone threshold in response 
to environmental conditions. 

The molecular link that connects 
the double-negative loop and raises 
the progesterone threshold is glyco- 
gen synthase kinase-3B (GSK-38). 
Treatment of oocytes with a specific 
GSK-38 inhibitor [7-azaindolyl- 
pyrazinyl-maleimide (7AIPM)] re- 
duced the progesterone threshold. 
Similarly, addition of leucine, suffi- 
cient to stimulate the target of rapa- 
mycin pathway that responds to nutri- 
ents (4), also reduced the threshold. 
Adding both leucine and 7AIPM 
produced an effect similar to that of 
7AIPM acting alone, implying that 
nutritional information may be trans- 
mitted through GSK-3B. 

However, GSK-3B may modulate the prog- 
esterone threshold through a variety of molec- 
ular architectures. For example, the proges- 
terone signal might directly inactivate GSK- 
3B. To identify the correct regulatory network, 
Justman et al. used PD98059, which inhibits 
MAPK kinase (MEK), a central component of 
the positive feedback loop. Adding PD98059 
before progesterone stimulation resulted in 
incomplete GSK-3B inactivation, thereby 
revealing a substantial effect of feedback on 
GSK-38 inhibition. Similarly, chemical induc- 
tion of the feedback loop in the absence of 
progesterone completely inactivated GSK-3B. 
Although this work clearly displays the under- 
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lying double-negative feedback architecture, 
further research is required to uncover where 
the negative regulation of GSK-3f branches 
off from the core positive feedback loop. This 
information could then be used to assay the 
specific effect on the progesterone threshold of 
negative feedback on GSK-3B. 

The system’s double-negative feedback 
loop for threshold modulation is reminiscent 
of the Start transition in budding yeast, where 
multiple signals are integrated to produce an 
all-or-none decision to progress through the 
mitotic cell cycle. Beyond Start, a point 
within the G, phase of the cell division cycle, 
a cell remains committed to DNA replication 
and subsequent division in spite of severe 
environmental changes. Briefly, the mole- 
cular regulatory system underlying Start 
includes a cyclin-Cdk protein complex 
(Cln3-Cdc28) that initiates a transcriptional 
positive feedback loop of two more G, 


cyclins (CIn1 and Cln2), which ensure cell 
cycle progression (5). In the presence of yeast 
mating factor, a MAPK signaling pathway 
activates Farl, which inhibits G, cyclin activ- 
ity (6, 7). The inhibition of Farl by G, cyclins 
(8, 9) implies that pheromone-modulated G, 
control shares the same double-negative and 
positive feedback architecture as proges- 
terone-induced Xenopus oocyte maturation. 
The similar regulatory architecture of these 
two well-studied systems suggests their wide- 
spread application. 

As noted in the modeling efforts of Justman 
et al., different network architectures can pro- 
duce the same dynamical response. Fur- 
thermore, identical networks can produce rad- 
ically different dynamics depending on their 
parameters. The lack of a 1:1 correspondence 
between network architecture and phenotype 
(i1.e., dynamics) indicates that the primacy 
given to network architecture over topology 


PERSPECTIVES 


(e.g., bistability and phenotype) is misplaced. 
Furthermore, there is no a priori reason, froma 
dynamical systems point of view, to expect 
double-negative feedback rather than another 
network architecture to modulate a threshold. 
It is therefore likely that only the detailed 
investigation of a series of natural threshold- 
producing circuits may yield the reasons, per- 
haps of an evolutionary origin, for the selec- 
tion of one network architecture over another. 
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ATMOSPHERIC SCIENCE 


Shifting Gear, Quickly 


E. G. Nisbet' and J. Chappellaz? 


arth’s climate can change gear very 
Bes: either sharply warming or 

fiercely cooling (/). Past shifts of this 
kind were massive, and some took place 
within a few years (2). About 11,600 years 
ago, at the end of the Younger Dryas cold 
period, the planet warmed very suddenly, with 
strong increases in atmospheric greenhouse 
gases, especially methane. On page 506 of this 
issue, Petrenko et al. use radiocarbon (!4C) 
data to identify the sources of the additional 
methane (3). 

'4C is essentially absent in old geological 
methane sources but is present in biological 
methane. Thus, any fossil input—for example, 
from methane hydrates—should be detectable 
in methane extracted from bubbles in ice. 
However, the measurement effort required is 
heroic: 1000 kg of ice are needed to obtain a 
few hundred thousand '4C atoms per sample of 
time studied. Petrenko ef al. mined the ice like 
a geological seam at Pakitsoq on the West 
Greenland ice margin (see the figure), where 
the time horizon outcrops. Making sense of the 
measurements is difficult, however, as very 
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large corrections must be applied, especially 
for the effect of cosmic rays. Because of these 
and other corrections, the absolute '‘CH, con- 
centrations are meaningless. However, the rel- 
ative changes in a time sequence of measure- 
ments do carry meaning, varying as sources 
shifted during the warming event. 

Although the new 'C results do not eluci- 
date the nature of the initial trigger that ended 
the Younger Dryas, they suggest that much of 
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Methane bursts during a past warming 
transition may provide a guide to future 
Arctic climate change. 


the new methane sustaining the warming came 
from wetlands, at least in the earlier part of the 
warming event. Less direct approaches to this 
problem—such as measuring the interpolar 
gradient (4), the hydrogen isotope ratio (ex- 
pressed as 6D) (5), and the carbon isotope ratio 
(expressed as 8!3C) (6) in the ice core methane 
record—also point to changes in wetland 
emissions. Boreal wetlands would have been 
essentially shut down during glacial episodes 
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but could have switched on quickly in ice-free 
areas. In contrast, biomass burning sources 
were stable, showing little change between 
cool and warm times (7). As a warming event 
is sustained, decomposing northern methane 
hydrates (clathrates) may inject fossil methane 
into the air, with wetland, thawing permafrost, 
and clathrate emissions reinforcing each other 
in a feedback loop (8). Petrenko ef al.’s data 
leave such a scenario unconstrained but imply 
that wetlands were the main driver. 

A possible explanation for the sudden end 
of the Younger Dryas is that, at a time of high 
Arctic insolation, an initial outburst of 
methane—perhaps from a geological source 
such as methane clathrates—triggered global 
warming, initiating both strong wetland emis- 
sion in the tropics and north (8), and further 
hydrate responses as the thermal shock pene- 
trated the permafrost (9, /0), freeing methane 
from decomposing clathrate hydrates and 
releasing gas pools trapped beneath them. The 
clathrate gun hypothesis (//) postulates the 
dominant role of hydrate decomposition, as 
opposed to wetland emission, as the principal 
driver of change. Organic matter in thawing 
permafrost can also generate large emissions 
of methane (/2). Detailed comparison in 
Greenland ice cores between the methane 
record and warming, as shown in nitrogen and 
argon isotopic signals (/3, /4), suggests that 
warmer air reached Greenland before the 
main rise in methane, thus challenging the 
clathrate gun scenario (//). 

SD results (5) have been used to argue 
against the hypothesis that an outburst of 
methane from clathrate hydrates drove the 
change. However, although marine hydrates 
supplied by gas from deep geological sources 
are enriched in deuterium relative to terrestrial 
methane sources, shallow hydrate and decay- 
ing permafrost sources can be depleted. 
Moreover, the interpretation of the D/H signa- 
ture during the decades of most sharply rising 
atmospheric methane is complex, because the 
global methane budget is not in equilibrium. 

The jury thus remains out on the initial 
trigger, but it is clear that a very rapid wetland 
response plays a major role in driving the 
main methane increase. In addition, the end of 
the Younger Dryas is accompanied by a large 
increase of another greenhouse gas: N,O (/5), 
produced, for example, in soils and marine 
upwelling areas. 

There are clear analogies with the modern 
Arctic, especially because global warming is 
expected to be strongest in the Arctic. Within 
the next few decades, reduced summer ice 
cover, earlier springs, and later freeze-up may 
cause radical change in Arctic wetland and per- 
mafrost regions. There was a sudden decrease 


in ice cover in summer 2007 (/6). Very warm 
summer weather, possibly driven by global 
warming, has occurred recently in the Arctic. 
This may trigger new wetland sources (/7, 18) 
as well as fossil and thermokarst methane emis- 
sions (/2, 19). 

Could the Arctic be preparing to shift gear 
again? Ifa shift on the scale and rapidity of past 
changes were to happen tomorrow— including 
intensified methane emissions from wetlands, 
decaying permafrost, and hydrate breakdown 
on Arctic continental margins and slopes— 
then the consequences for humanity could be 
very severe. Far from the Arctic, crops could 
fail and nations crumble. It is thus essential to 
decipher what took place in the past. 

The hard labors of Petrenko ef a/. in mining 
tons of ice show the way, as there is plenty 
more ice to extract on outcropping blue ice 
fields at both poles. There is now a strong case 
for horizontal ice mining at the right depths in 
polar ice caps, far from surface cosmic ray in 
situ production. Large-sample ice collection 
from vanishing tropical ice caps is also 
urgently needed to assess the past history of 


other factors influencing methane, such as bio- 
mass burning. Humanity is triggering great 
changes; it would be wise to document and 
understand the past before we face the future. 
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GENETICS 


It's a Bull's Market 


Harris A. Lewin 


Research on domesticated livestock heralds new advances in evolutionary biology, animal 


breeding, and animal models for human diseases. 


rom Darwin to Dolly, domesticated 
Piss have guided our understand- 

ing of evolution and biology. Moreover, 
for the past 10,000 years, livestock have pro- 
vided sustenance to humans with their hides, 
hair, meat, milk, strength, speed, and compan- 
ionship. Now, livestock are poised to give us 
even more, thanks to new insights from 
genomics and molecular phylogenetics. Five 
articles in this issue deal with the biogeogra- 
phy of domestication (/, 2), the development 
of modern breeds (J, 3), the genes responsible 
for agriculturally important traits (3, 4), and 
the potential use of livestock species as mod- 
els for human diseases (5). 

The publication by the Bovine Genome 
Sequencing and Analysis Consortium de- 
scribing the sequence, annotation, and com- 
parative analysis of the cattle genome marks a 
major milestone in animal genetics (3). The 
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Cetartiodactyl order of mammals, to which 
cattle and all other ruminants belong, is phylo- 
genetically distant from the primates, and thus 
contains invaluable information for under- 
standing human genome evolution. Cattle 
have numerous adaptive traits that underlie 
their unique biology, including a four-cham- 
bered stomach for digesting fiber, as well as 
specialized immune, endocrine, and repro- 
ductive system functions and architectures. 
Comparison of the cattle genome to that of 
other mammals was thus expected to yield 
exciting new information on how mammalian 
genomes evolve, mechanisms of gene regula- 
tion, genetic control of complex traits, and 
host-microbe interactions. The cows have not 
disappointed us. 

At the gene level, there are tantalizing 
clues to explain the “essence of bovinity.” 
Seventy-one genes show evidence of positive 
selection. Several immune function—related 
genes are expanded in copy number, such as 
the B-defensin and interferon genes, and 
rearrangements occur in key genes involved 
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in lactation. The bacteria-bust- 
ing lysozyme genes used by 
white blood cells have been 
expanded in copy number and 
adapted to a similar function in 
the ruminant abomasum, the 
glandular stomach (similar to 
the human stomach) where 
microbes that digest cellulose 
and ferment complex sugars in 
the rumen are broken down. 
(The rumen is also an excellent 
source of cellulytic bacteria 
that may be important for bio- 
fuels production.) As with 
rodents and dogs, cattle have 
about 1000 genes not found in 
the human genome, and 1217 
genes occur only in eutherian 
(placental) mammals. These 
intriguing genes complement the large num- 
ber of variants in promoter sequences and 
transcription factors that are thought to con- 
tribute to differences in mammalian develop- 
ment and physiology. 

The high quality of the cattle genome 
assembly enabled a detailed multispecies 
comparison of chromosome organization that 
produced novel insights into mammalian 
chromosome evolution. A major finding was 
that higher densities of segmental duplica- 
tions, retroposons, and retrovirus long termi- 
nal repeats are present in chromosome regions 
that were rearranged during the last 80 million 
years, leading to the Bos taurus karyotype. 
Thus, specific kinds of repetitive elements 
and segmental duplications appear to directly 
promote the chromosome rearrangements 
associated with speciation in multiple mam- 
malian lineages. With additional mapped and 
sequenced genomes on the horizon, it will be 
possible to explore further the relationship 
between chromosome rearrangements and 
adaptive evolution of mammals (6). 

In his1868 opus The Variation of Animals 
and Plants Under Domestication, Charles 
Darwin wrote: “I have often speculated on the 
probable causes through which each separate 
district in Great Britain came to possess in for- 
mer times its own peculiar breed of cattle...” 
What Darwin was trying to distinguish were 
the roles of common ancestry, natural selec- 
tion, and artificial (human-assisted) selection 
in the extraordinary diversity of cattle pheno- 
types. The Bovine HapMap Consortium de- 
scribe (4) the genetic structure of modern 
taurine and indicine (humped) breeds and the 
factors that may have shaped the breeds’ 
genetic diversity, thus addressing Darwin’s 
muse. High levels of genetic diversity were 
found in all cattle breeds, even higher than 
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those found in human and dog populations 
(7, 8). The greatest diversity was found in 
indicine Brahman cattle, with one SNP 
(single-nucleotide polymorphism, a DNA 
sequence variation) every 285 base pairs of 
DNA. That’s more than twice the number 
for the taurine Holstein and Angus breeds, 
thus indicating that more individuals were 
involved in forming indicine cattle before 
domestication. Following domestication, the 
genetic evidence suggests that cattle breeds 
went through mild bottlenecks, possibly due 
to a limited number of founder individuals or 
selection for production traits. Furthermore, 
several regions of the genome were differenti- 
ated in breeds used for milk and meat pro- 
duction, and many of these regions contain 
genes responsible for quantitative variation in 
milk production and meat-quality traits. This 
reveals a fascinating linkage between tradi- 
tional animal breeding and genomic archi- 
tecture and suggests that genetic diversity 
should be carefully monitored as genomic 
selection for quantitative traits (9) takes its 
place as a routine technology for animal 
genetic improvement. 

Genome analyses, coupled with molecular 
phylogenetic techniques, have also revealed 
new historical insights into the domestication 
of other livestock species, such as sheep and 
horses. It is now clear that sheep were domes- 
ticated in Southwest Asia and then spread to 
Europe in two distinct waves. Most modern- 
day sheep breeds appear to be a result of this 
second migration (/). Horse domestication has 
proved difficult to pin down, but Ludwig et al. 
(2), using six coat-color genes, provide strong 
support for an earlier conclusion (/0) that 
links horse domestication to the Botai cul- 
ture, which flourished in Kazakhstan in the 
fourth millennium B.C.E.. Wild predomesti- 
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cated horses found in Siberia and Eastern and 
Central Europe were homozygous for all six 
coat-color genes, which likely made these 
ancient animals “bay” colored. However, coat- 
color variants rapidly increased during and 
after the Bronze Age, which coincides with the 
timing of domestication proposed by Outram 
et al. (10), suggesting a human hand in their 
spread. Apparently, a horse of a different color 
was a thing to be cherished by our ancestors. 

The barnyard door is now open. We can 
expect that any animal with medically or agri- 
culturally useful traits will be sequenced and 
resequenced. Similar to the primate-human 
comparisons geneticists are making to under- 
stand the origins of human intelligence, com- 
parative genomic studies of cattle, pigs, sheep, 
and goats, may help us to better understand 
the genetics of wool production, lactation, 
growth, metabolism, and environmental adap- 
tation. This will further accelerate the devel- 
opment of new technologies for sustainable 
animal agriculture (see the figure). Moreover, 
as outlined by Roberts ef al. (5), cattle and 
other livestock have played important roles in 
advancing biomedical research, leading to 
new technologies including assisted repro- 
duction and organ transplants. With the 
genome sequence of cattle in hand, and that of 
other livestock species soon to follow, we can 
for the first time select animal models of 
human diseases on the basis of trait homology 
as well as gene structure, chromosome organ- 
ization, and transcription factor binding sites. 
This will help increase the reliability of ani- 
mal models, because common genomic archi- 
tecture may more accurately predict the regu- 
lation of disease-related genes. The antici- 
pated rapid advances in comparative and 
functional genomics will make genome- 
enabled livestock models an increasingly 
valuable resource for biomedical research. In 
a bull’s market, everyone wins. 


References and Notes 

1. B. Chessa et al., Science 324, 532 (2009). 

2. A. Ludwig et al., Science 324, 485 (2009). 

3. The Bovine Genome Sequencing and Analysis 
Consortium, C. G. Elsik, R. L. Tellam, K. C. Worley, Science 
324, 522 (2009). 

4. The Bovine HapMap Consortium, Science 324, 528 
(2009). 

5. R.M. Roberts et al., Science 324, 468 (2009). 

6. D.M. Larkin et al., Genome Res. 10.1101/gr.086546.108 
(2009). 

7. E.A. Ostrander, R. K. Wayne, Genome Res. 15, 1706 
(2005). 

8. G. Marth et al. Proc. Natl. Acad. Sci. U.S.A. 100, 376 
(2003). 

9. B. J. Hayes et al., J. Dairy Sci. 92, 433 (2009). 

10. A. K. Outram et al., Science 323, 1332 (2009). 
11. | thank G. E. Robinson and R. Oliveira for their helpful 
suggestions. 


10.1126/science.1173880 


www.sciencemag.org SCIENCE VOL324 24 APRIL 2009 


Published by AAAS 


479 


480 


AAAS NEWS & NOTES 


EDITED BY EDWARD W. LEMPINEN 


GRADUATE EDUCATION 


Dramatic Rise in Minority Science 
Ph.D.'s Detailed in New Report 


The number of science and engineering Ph.D. 
recipients has increased dramatically among 
underrepresented minorities under a program 
started a decade ago by the National Science 
Foundation (NSF), according to a new report 
released by AAAS. 

At 66 of the 79 U.S. universities participat- 
ing in the Alliances for Graduate Education 
and the Professoriate (AGEP) program, the 
annual number of science, technology, engi- 
neering, and mathematics (STEM) doctoral 
degrees awarded to minority students 
increased by 33.9% from 2001 to 2008. The 
gains were even more remarkable among the 
natural sciences and engineering fields, where 
Ph.D.’s for minorities increased by 50%. 

Participants in the AGEP program say its 
success can be traced to a comprehensive re- 
thinking of the minority graduate experi- 
ence—from targeted recruiting efforts to 
employment placement. 

The success of the program has been wide- 
spread, with schools as diverse as the University 
of Utah, Howard University, and the University 
of Florida each surpassing 25 doctoral degrees 
to underrepresented minorities in 2007-2008. 

“We have had low numbers that have been 
lagging,” said Shirley Mal- 
com, head of Education 
and Human Resources at 
AAAS. “So, finally, here’s 
some good news about a 
set of institutions that have 
set out to increase the 
participation of minor- 
ities within the sciences, 
and they’ve done it.” 

The AGEP program 
“is making important contributions to the 
nation’s science and engineering workforce,” 
said James H. Wyche, director of the Division 
of Human Resource Development at NSF. 

Since AGEP’s inception in 1998, AAAS has 
received consecutive NSF grants to track the 
progress of the program and has worked with 
AGEP universities to help them assess their own 
performance and identify where improvements 
can be made. [AAAS’s most recent report on the 
program is available at http://nsfagep.org/ 
publications.php.] 

“What’s different about this program is that 
it is about changing the strategies and the 


Shirley Malcom 


Berkeley's Edge. Mathematics Ph.D. candidate Ryan 
Hynd was recruited by the school’s AGEP program. 


processes that institutions are using to recruit 
and support underrepresented minorities,” 
said Yolanda George, deputy director of 
AAAS Education and Human Resources. 

Some of the changes have been relatively 
straightforward, such as initiating personal 
contact with potential students, said Patricia 
Campbell, president of Campbell-Kibler Asso- 
ciates, who worked with George to analyze the 
data for the new report. “If you want someone to 
consider your institution, ask them. That’s 
something that hasn’t been in a number of 
admissions policies and programs.” 

The University of California, Berkeley, was 
the top producer of Ph.D.’s in the AGEP pro- 
gram, graduating 57 students in 2007-2008. 
Berkeley recruits underrepresented minorities 
at conferences and institutions such as histori- 
cally black colleges, said Colette Patt, director 
of the school’s science diversity programs, but 
AGEFP resources “made sure all of those oppor- 
tunities were covered, that we weren’t sporadic, 
that we went every place and every year.” 

The school’s AGEP program, called Berkeley 
Edge, offers professional development lunches 
and a yearly retreat where students can learn 
skills like networking at a conference, setting up a 
lab, and hunting down a suitable postdoctoral 
position. One of the program’s major activities, 
said Patt, is an annual pre-admission conference 
that has helped the school recruit “from places 
that are not our typical feeder schools.” 

Ryan Hynd, a Ph.D. candidate in the school’s 
mathematics department, attended the confer- 


ence before deciding on Berkeley and now talks 
with potential new graduate students at the 
venue. Hynd selected Berkeley based on its stel- 
lar academic reputation, but he also appreciates 
how the Edge has “fostered a sense of commu- 
nity” among the school’s minority Ph.D. students. 

Patty Garcia, a Ph.D. candidate in Berke- 
ley’s molecular and cell biology department, 
used an AGEP-supported study group to pre- 
pare for her doctoral qualifying exams last year. 
And she singles out the program as “our biggest 
supporter” when she helped start a chapter of 
SACNAS, a national society for Latinos and 
Native Americans in science. 

AGEP’s participants say that much of the 
program’s strength comes from its dedicated 
faculty. “Lots of credit needs to be given to the 
scientists who take time from their actual 
research to work on the AGEP pieces,” said 
Campbell. “That they’re not only willing to do it, 
but do it year after year—it’s just phenomenal.” 

—Molly McElroy and Becky Ham 


SCIENCE AND SOCIETY 


Expert: Bioethics Council 
Should Expand Mission 


Advances in neuroscience and synthetic life 
research are outpacing a discussion of the 
research’s ethical implications, making them 
prime candidates for the agenda of the next 
national bioethics commission, according to 
AAAS expert Mark S. Frankel. 

At a 12 March meeting of the U.S. Presi- 
dent’s Council on Bioethics, Frankel said the 
ethics of doing research in virtual online com- 
munities such as Second Life, and in recruit- 
ing subjects for personalized medicine, are 
also emerging topics for a national debate. 

Established by U.S. President George W. 
Bush in 2001, the council’s work has included 
reports on stem cell research, human cloning, 
and genetic screening. While these topics 
remain relevant, said Frankel, a new commis- 
sion should expand its purview when President 
Barack Obama renews its charter in September, 
as he is expected to do. 

The new council should seek more public 
input, said Frankel, director of the AAAS 
Scientific Freedom, Responsibility and Law 
Program. He suggested that the council 
redesign its makeup so that at least 25% of its 
members represent public groups, and that 
members “get out of Washington periodi- 
cally” to learn more about how these ethical 
issues are perceived outside of government. 

—Becky Ham 
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Fire in the Earth System 
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Fire is a worldwide phenomenon that appears in the geological record soon after the appearance of 
terrestrial plants. Fire influences global ecosystem patterns and processes, including vegetation 
distribution and structure, the carbon cycle, and climate. Although humans and fire have always 
coexisted, our capacity to manage fire remains imperfect and may become more difficult in the 
future as climate change alters fire regimes. This risk is difficult to assess, however, because fires 
are still poorly represented in global models. Here, we discuss some of the most important issues 
involved in developing a better understanding of the role of fire in the Earth system. 


ver the past decade, a surge in the in- 
() sis of large, uncontrolled fires has 

occurred on all vegetated continents, ir- 
respective of national fire-fighting capacity or 
management tactics (J—5). These episodic fires 
have high economic costs. The fires in South- 
east Asia’s tropical forests related to the 1997— 
1998 El Nifo—Southern Oscillation (ENSO) 
event, for example, resulted in economic costs 
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near $U.S. 8.8 to 9.3 billion, of which a con- 
servative estimate of $U.S. 1 billion was from 
adverse health effects of smoke haze (6). During 
the same period, more than 20 million ha burned 
in Latin America, causing an estimated $U.S. 10 
to 15 billion in damages (4). The ubiquity of 
such large fires calls into question our capacity 
for fire control and highlights our limited under- 
standing of fire’s causes, effects, and feedbacks. 

There is growing awareness of the deleterious 
effects of such uncontrolled fires on biodiversity, 
human health, and the economy (2). However, 
there remains a serious lack of knowledge about 
fire’s fundamental role in Earth system pro- 
cesses, as well as an insufficient appreciation of 
fire’s interaction with anthropogenic global en- 
vironmental change. For example, though the In- 
tergovernmental Panel on Climate Change (IPCC) 
report concluded that global climate change will 
increase the risk of extreme fire events (7), its 
assessment did not quantify potential fire-climate 
feedbacks. In order to achieve a better understand- 
ing of fire, it must be understood as an integral 
Earth system process that links and influences 
regional and global biogeochemical cycles, hu- 
man activity, and vegetation patterns. Failure to 
develop a coordinated and holistic fire science 
will slow efforts to adapt to changing fire regimes 
and manage fire. 


Fire in Earth History 


Fossil charcoal indicates that wildfires began 
soon after the appearance of terrestrial plants 
in the Silurian [420 million years ago (Ma)] 
(8). Combustion occurs when atmospheric O, 
concentrations are above 13%, and variation in 
O, levels correlates with fire activity throughout 
Earth history (8) (Fig. 1). Many Permian coals 
contain large quantities (70%) of charcoal during 
a period when atmospheric oxygen was thought 
to have exceeded 30%, making even moist veg- 
etation flammable (8). Counterintuitively, the 
burial of decay-resistant charcoal and organic 
matter following postfire erosion may have in- 
creased oxygen levels and caused long-term re- 


duction of atmospheric carbon dioxide levels (9). 
Fire also influences the geological cycling of other 
elements, such as phosphorus, by volatization 
and leaching (/0). 

Fire’s occurrence throughout the history of 
terrestrial life invites conjecture that fire must 
have had pronounced evolutionary effects on 
biotas. However, the evolution of adaptations to 
fire remains a difficult topic to explore because 
traits that increase the rate of occurrence of fire, 
or of recovery following burning, are not unam- 
biguously the result of natural selection by fire 
regimes (//) (table S1). Nonetheless, flammable 
vegetation types leave distinct signatures in the 
fossil record, chronicling changes in their abun- 
dance and geographic range. For example, trop- 
ical grasses produce large quantities of fine, aerated 
fuels that become highly flammable during dry 
periods, and their C4 photosynthetic pathway 
produces organic matter characteristically de- 
pleted in '°C. Stable isotope analyses of carbon 
in sediments have shown that tropical savanna 
biomes simultaneously spread in Asia, Africa, 
and the Americas, approximately 7 to 8 Ma, 
coinciding with a substantial spike in charcoal in 
marine sediments (/2). It has even been sug- 
gested that fire led to the expansion of savannas 
due to climate feedbacks that created hotter, 
drier conditions that favored savannas (/3). 


Humans and Fire 


The spread of highly flammable savannas, where 
hominids originated, likely contributed to their 
eventual mastery of fire (14). The hominid fossil 
record suggests that cooked food may have ap- 
peared as early as 1.9 Ma (/5), although reliable 
evidence for controlled fire use does not appear 
in the archaeological record until after 400,000 
years ago, with evidence of regular use much later 
(J6). The routine domestic use of fire began 
around 50,000 to 100,000 years ago (17), which 
may have influenced the evolution of human 
tolerance to air pollution (78), and hunter-gatherers 
used fire to reduce fuels and manage wildlife 
and plants beginning tens of thousands of years 
ago (19). 

In recent history, the ongoing transition from 
subsistence to industrial economies is typified 
by the conversion of forests into agricultural or 
pastoral landscapes through the use of fire. For 
example, fire-resistant tropical rainforests are rap- 
idly being cleared with fire in agricultural frontiers 
(20) (Fig. 2). Conversely, in the developed world, 
suburban spraw] into rural and natural landscapes, 
where people and their dwellings are juxtaposed 
with flammable vegetation types, is accompa- 
nied by substantial fire-suppression efforts (27). 
Worldwide, fire is used to minimize fuel hazard, 
maintain habitat quality, and stimulate forest and 
pasture regeneration. Despite human use of fire 
to achieve economic and ecological benefits (22), 
fire remains an unreliable tool, often evading con- 
trol, particularly during extreme drought events 
(3, 23). This imperfect mastery of fire manage- 
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Fig. 1. Qualitative schematic of global fire activity through time, based on 
pre-Quaternary distribution of charcoal, Quaternary and Holocene charcoal 
records, and modern satellite observations, in relation to the percentage of 


ment raises the unsettled issue of whether hu- 
mans or climate are more important in determin- 
ing fire patterns. 


Distribution and Diversity of Fire 


Earth is an intrinsically flammable planet owing 
to its cover of carbon-rich vegetation, season- 
ally dry climates, atmospheric oxygen, and wide- 
spread lightning and volcano ignitions. Yet, 
despite the human species’ long-held apprecia- 
tion of this flammability, the global scope of fire 
has been revealed only recently by satellite ob- 
servations available beginning in the 1980s (24) 
(Fig. 2). This record shows a strong association 
between high fire activity and areas of interme- 
diate primary production, particularly in tropical 
savannas (25). However, the satellite record 
does not adequately capture fire activity in eco- 
systems that have long (>100-year) fire intervals, 
nor in cases in which fire behavior is highly 
variable. Satellite products that provide those 
data on area burned, fire intensity, and complete- 
ness of combustion are still being developed (26). 

Fires burn with different intensities and fre- 
quencies, resulting in a wide variety of ecolog- 
ical effects. To capture this diversity, ecologists 
define the “fire regime” on the basis of a range 
of variables including fuel type (ground, surface, 
and crown), temporal nature (rate of spread, 
seasonality, and frequency), spatial pattern (size 
and patchiness), and consequences (impacts on 
vegetation and soils) (27). The association of 
plant species having distinct reproductive and 
survival strategies with different fire regimes sug- 
gests that fire is a potent biological filter (table 
S1) influencing biomass production, vegetation 
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distribution, and thus the risk of fire. Indeed, a 
notable feature of fire’s distribution is the broad 
correlation between vegetation formations and 
fire regimes (28). Furthermore, fire can sometimes 
explain the presence of alternate ecosystem states 
within the same climatic zone (28). 

Vegetation transitions can occur when fire 
regimes are altered substantially beyond histor- 
ical norms, owing to changes in ignition sources 
or fuel mass, and variations in structure caused 
by fire protection, grazing, or the spread of in- 
vasive plants. For example, nonflammable trop- 
ical rainforests, evergreen woodlands, and arid 
shrublands can abruptly convert to highly flam- 
mable plant communities with increasing anthro- 
pogenic ignitions and fine fuels from invasive 
grasses (29). Fire protection, by contrast, pro- 
motes dense regrowth and closed woodlands. In 
the southwestern United States, this has led to 
an associated switch from surface to crown fires 
(30). Human landscape management is impli- 
cated in these fire regime transitions, yet under- 
lying climate patterns also alter fire behavior. 


Climate and Human Drivers of Fire 


Analyses of historical meteorological data and 
national fire records show the primacy of cli- 
mate in driving large regional fires, e.g., via 
antecedent wet periods that create substantial 
herbaceous fuels or drought and warming that 
extend conducive fire weather (/). Additionally, 
dendrochronological and observational analyses 
show tight coupling between high fire activity 
and interannual- and decadal-scale climate os- 
cillations (37, 32). For example, fire occurrence 
increases during the La Nina phase of the ENSO 
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atmospheric O, content, parts per million (ppm) of COz, appearance of certain 
vegetation types, and the presence of the genus Homo. (See supporting online 
text for data sources used.) Dotted lines indicate periods of uncertainty. 


in the southern United States and Patagonia, Ar- 
gentina (25, 33), whereas a marked increase in 
fire activity occurs in tropical rainforests dur- 
ing El Nifo phases (34). Sedimentary charcoal 
records also show a strong link between climate 
and fire activity, with reduced fire in cold intervals 
and increased fire in warm intervals, regardless 
of whether humans were present (35). However, 
charcoal records do show a reduction in fire 
after ~1870 C.E. in most regions, apparently in 
response to agricultural intensification and intro- 
duced animal grazing (36). 

Abrupt changes in fire activity during island 
colonization offer insight into human influence 
on fire, beyond background climate conditions. 
For example, the colonization of the southern 
island of New Zealand by the Maori about 700 
to 800 years ago was characterized by wide- 
spread destruction of forests by burning, causing 
the loss of half of the island’s temperate rain- 
forests (37). Likewise, it has been argued that 
fire usage during the late Pleistocene colonization 
of Australia triggered a series of megafaunal ex- 
tinctions and vegetation changes (38). 


Fire, Carbon, and Climate 


Humans and climate both play a role in deter- 
mining fire patterns and, in turn, fire influences 
the climate system via the release of carbon. Fires 
accelerate the natural cycle of primary produc- 
tion and respiration. In a world without fire, more 
carbon would be stored in woody vegetation 
(39). If climate and fire regimes equilibrate, 
then fire-induced atmospheric CO, emissions 
are balanced by uptake from surviving vegeta- 
tion or via regeneration. The individual contribu- 
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tions of landscape fires, biomass combustion for 
domestic and industrial uses, and fossil-fuel com- 
bustion to total carbon emissions remain difficult 
to separate. Currently, all sources of fire (landscape 
and biomass) cause CO2 emissions equal to 50% 
of those stemming from fossil-fuel combustion (2 
to 4 Pg C year ! versus 7.2 Pg C year ') (7, 40, 41). 
Of the fire-related emissions, we estimate that 
burning related to deforestation, a net CO, source, 
contributes about 0.65 Pg C year | (supporting 
online material). In contrast, the regrowth of veg- 
etation and the production of black carbon (which 
is a by-product of burning, with a long residence 
time in soils) are sinks of atmospheric CO, and 
may be expanded with targeted management (42). 

Between 1997 and 2001, biomass burning 
accounted for about two-thirds of the variability 
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in the CO, growth rate (34, 43). During the 
1997-1998 ENSO-related drought event, Indo- 
nesian peat fires contributed an estimated 0.8 to 
2.6 Pg C (3), while Amazon forest fires committed 
0.024 to 0.165 Pg C to the atmosphere from just 
understory fires (23). These deforestation-related 
fires contribute substantially to the global burden 
of greenhouse gases, and the associated global 
warming that they will cause is projected to in- 
crease extreme fire weather (/), leading to fur- 
ther spikes of carbon emissions (44). 

Fire also influences climate by releasing at- 
mospheric aerosols and changing surface albedo. 
An appreciable fraction of biomass-burning emis- 
sions consists of black carbon aerosols that have 
strong solar radiation absorption properties, and 
may have the strongest effect on global warm- 
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ing after CO, (45). Regionally, smoke plumes 
inhibit convection, and black carbon warms the 
troposphere, thereby reducing vertical convection 
and limiting rain-cloud formation and precipita- 
tion (46). Locally, fire heats the surface by reduc- 
ing albedo. However, albedo may increase over 
longer time periods owing to larger exposure of 
snow following boreal fires, or replacement of 
dark forests with brighter pastures and croplands 
following deforestation. Indeed, aerosol and sur- 
face albedo effects could even cancel each other 
[eg., (47) 

Fire influences most radiative forcing com- 
ponents and has a substantial positive feedback 
on the climate system. We estimate that global 
CO, emissions from deforestation fires alone con- 
tribute up to ~19% of the total increased radia- 


Fig. 2. Current pyrogeography on Earth, illustrated by (A) net primary productivity (NPP, g C m~* year“) (40) from 2001 to 2006, by 1° grid cells; 
and (B) annual average number of fires observed by satellite (49). 
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Fig. 3. Estimated contribution of fire associated 
with deforestation to changes in radiative forcing 
compared to 1750 C.E. (7), assuming a steady 
state for other fire emissions. The shaded inner bar 
(blue indicates cooling; red, warming) is the 
estimated fire contribution to the total radiative 
forcing of individual agents identified by the IPCC 
(unshaded, outlined bar) (7). Several assumptions 
had to be made to estimate these contributions, 
and more interdisciplinary research is needed to 
reduce uncertainties, especially for ozone, albedo, 
and the complicated effect of aerosols. 


tive forcing since preindustrial times, following 
IPCC definitions (7) (Fig. 3 and supporting on- 
line text). The positive and negative fire-related 
contributions of the other radiative forcing com- 
ponents are assumed to cancel each other. Ex- 
cluding deforestation fires, we also assume that 
fire-related emissions over the long term are at a 
steady state because of the natural successional 
cycle. Improved estimates of the climate forc- 
ing of fire must address fire’s complex web of 
interactions with other radiative forcing com- 
ponents and must resolve how fire activity and 
land-cover change have varied through the in- 
dustrial period. 


Fire Feedbacks 


At the flame front, fire instantaneously links 
the atmosphere, biosphere, and hydrosphere via 
the release of heat, gases (notably water vapor), 
and matter. The composition of these products 
is influenced by fuel type, moisture content, 
and combustion type (smoldering versus flam- 
ing), which in turn is influenced by temper- 
ature and available oxygen. At the landscape 
scale, fire responds predictably to variation in 
fuel types, vegetation structure, topographic fea- 
tures, and weather conditions. At regional and 
global scales, the interaction of fire with vegeta- 
tion types and human land use results in charac- 
teristic fire regimes. Climate conditions are a 
fundamental driver of fire spread, and fire- 
induced emissions influence future climate sce- 
narios and fire weather. 


Simulations using physiologically based global 
vegetation models suggest that forests would at 
least double in extent in the absence of fire, 
particularly in the flammable savanna biome 
(39). The difference between simulated and ob- 
served vegetation distribution highlights the im- 
portance of including fire in terrestrial ecosystem 
modeling. Indeed, some global carbon and dy- 
namic global vegetation models explicitly include 
fires (34, 48). 


Conclusions 


Progress in understanding fire on Earth has 
been hampered by cultural aversions to ac- 
cepting fire as a fundamental global feature 
and disciplinary parochialism (/9, 22). An Earth 
system perspective is essential to understanding 
how fire has developed throughout Earth history, 
and teasing apart the direct and indirect inter- 
actions between humans and fire. Understanding 
global trends in fire activity demands greater 
development of fire regime mapping, as well 
as global modeling approaches that are more 
sophisticated than the current generation. Such 
an integrated perspective is necessary and time- 
ly, given that a diversity of fragmented research 
programs have identified the pervasive influences 
of fire on the Earth system. Indeed, future IPCC 
assessments of anthropogenic global climate forc- 
ing should include specific analyses of the role 
of fire. 
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Coat Color Variation at the Beginning 
of Horse Domestication 


Arne Ludwig,?*t Melanie Pruvost,""2* Monika Reissmann,?* Norbert Benecke,” 
Gudrun A. Brockmann,? Pedro Castafios,* Michael Cieslak,? Sebastian Lippold,® 
Laura Llorente,® Anna-Sapfo Malaspinas,’ Montgomery Slatkin,’ Michael Hofreiter>*t 


he transformation of wild animals into 

| domestic ones was a key prerequisite for 
modern human societies (/). A variety of 
species have been domesticated, but no species 
has had such an impact on warfare, transportation, 
and communication capability as the horse. De- 
spite its importance for human history, the time 
and place of horse domestication have remained 
enigmatic for a long time (2, 3). Recently, evi- 
dence was found for horse domestication having 
occurred in Kazakhstan about 5500 years before 
the present (yr B.P.) (4). Genetic studies have 
shown that coat color variation arose rapidly dur- 
ing domestication, resulting from human selection 
(5). To further investigate the dynamics and place 
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Fig. 1. Timeline showing the rapid increase in coat color variation in horses around the Bronze Age. The size of the pie charts 
corresponds to the frequency of the respective phenotype. B indicates bay color; Bl, black; C, chestnut; T, tobiano; S, sabino; 
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(75%) at the AS/P gene, resulting in four black 
and four bay horses. An analysis of 21 Neolithic 
and Copper Age samples, dating to the millennia 
before archaeological evidence for domestication 
exists, produced similar allelic patterns. These 
periods are characterized by an absence of horse 
bones in the archaeological record for some re- 
gions, which prevents the inclusion of Siberian 
horses from 8000 to 5000 yr B.P. (table S6). East 
European horses dating to 7000 to 6000 yr B.P. 
revealed a mixed population (76% bay and 24% 
black). All these horses are regarded as wild 
because they clearly predate the earliest evidence 
for horse husbandry in this region. Because black 
horses are found neither in Siberia nor in East and 


Bronze Age 


2.000 


1.000 0 


2.000 1.000 0 


Bu, buckskin; and Bs, black silver. Sample sizes from left to right are 16, 18, 26, and 29 specimens. 


of horse domestication, we investigated DNA 
sequence polymorphisms responsible for coat 
color variation in fossil horses. 

We successfully typed eight mutations in six 
genes (6) responsible for coat color variation for 
89 [out of 152 tested; tables S1 to S5 (6)] ancient 
samples. To assess coat color variation of pre- 
domestic horses, we analyzed the bones of wild 
horses from the Late Pleistocene and Early Holo- 
cene found in Siberia, East and Central Europe, 
and the Iberian Peninsula. We found no variation 
in the Siberian and European Pleistocene horses, 
suggesting that these horses were bay or bay-dun 
in color. There is evidence that the wild type is 
dun, but, because the nondun mutation has not 
yet been identified, we cannot distinguish be- 
tween dun and nondun horses. In contrast, 
Iberian Early Holocene horses carried both the 
nonblack allele A (25%) and the black allele a 


Central Europe during the Late Pleistocene, their 
occurrence in the Early Holocene is probably the 
result of postglacial immigration or of selection 
caused by increased forest cover, as recently shown 
for wolves (7). Human selection is less likely 
because we observed no other coloration. A bi- 
nomial test furthermore shows that, given the sam- 
ple size of our predomestic horses, the chance that 
we missed any color allele with a frequency larger 
than 4% is P < 0.05 (6) (table S7). 

In contrast, a rapid and substantial increase in the 
number of coat colorations is found in both Siberia 
and East Europe beginning in the fifth millennium 
B.P. (Fig. 1 and figs. S1 and $2). Although the ear- 
liest chestnut allele (MC/R gene) was identified in a 
Romanian sample from the late seventh millennium 
B.P., chestnut horses were first observed in Siberia 
(fifth millenium B.P.). Their prevalence increased 
rapidly, reaching 28% during the Bronze Age. 


lron Age 


Mutations responsible for coat color dilutions 
or spottings seem to appear later. Cream (buck- 
skin) and (black) silver dilutions (2800 to 2600 yr 
B.P.) were first observed in Siberia. Sabino is the 
first spotting phenotype, appearing during the 
fifth millennium B.P. in Siberia, and present in 
Armenia and Moldavia during the middle Bronze 
Age. The Tobiano spotting was first found in a sin- 
gle Eastern European sample (3500 to 3000 yr B.P.) 
and later also in Asia. Unlike in samples from 
Siberia and Eastern Europe, we observed no color 
change in Spanish samples until medieval times. 

Although we cannot statistically reject neu- 
trality for four out of six loci tested, the selection 
coefficient for AS/P and MCR was found to be 
significantly different from zero (6, 8); (table S8, 
and fig. S3). Our results are therefore best ex- 
plained by selective breeding, which supports do- 
mestication as the cause for the observed changes 
in coloration. Given the rapid change, we conclude 
that horse domestication started in the Eurasian 
steppe region around at least 5000 yr B.P. 
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The Disappearance of the Progenitors 
of Supernovae 1993J and 2003gd 


Justyn R. Maund?* and Stephen J. Smartt? 


Using images from the Hubble Space Telescope and the Gemini Telescope, we confirmed the 
disappearance of the progenitors of two type II supernovae (SNe) and evaluated the presence of 
other stars associated with them. We found that the progenitor of SN 2003gd, an M-supergiant 
star, is no longer observed at the SN location and determined its intrinsic brightness using image 
subtraction techniques. The progenitor of SN 1993], a K-supergiant star, is also no longer present, 
but its B-supergiant binary companion is still observed. The disappearance of the progenitors 
confirms that these two supernovae were produced by red supergiants. 


nalysis of archival pre-explosion images 
A‘ helped to identify the progenitors of 

type II supernovae (SNe), which are 
thought to result from the explosion of red su- 
pergiant stars. In most cases, the progenitors have 
only been confirmed to be spatially coincident with 
the SNe, leaving some uncertainty over their cor- 
rect identification. So far, only one star has been 
shown to have disappeared after it exploded—the 
star that exploded as SN 1987A in the Local 
Group of galaxies (/). Seven other stars have 
been discovered to be spatially coincident with 
bright, nearby type II SNe (2), but none of them 
have been shown to have disappeared [although 
recent evidence has suggested the possible 
disappearance of the progenitor of SN 2005gl 
(3)]. Here, we examine postexplosion images of 
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Fig. 1. Pre- and post- 
explosion images of the 
site of SN 2003gd taken 
with the HST WFPC2 
and Gemini GMOS in- 
struments (see Table 1 for 
details). (A) Pre-explosion 
WFPC2 F606W image, 
with the previously iden- 
tified progenitor object 
marked as Star A and a 
nearby star labeled Star 


C. (B) Pre-explosion Gemini GMOS 7’ band image, with spatial resolution 
0.57", in which the progenitor is detected. (C) Postexplosion Gemini GMOS 7’ 
band image where a single point source is not detected at the transformed 
position of SN 2003gd, with a limit on any remaining SN flux of m;(AB) > 
26.3. The image has a spatial resolution of 0.36", and no point source is 
detected at the position of Star C, which suggests a negligible contribution in 
the 7’-band from that star. (D) Pre-explosion image with the flux/PSF-scaled 


the sites of two type II SNe to confirm their 
progenitors’ identities. 

SN 2003gd was discovered in the galaxy 
M74 and classified as a type II-plateau SN (4). 
The plateau in its light curve and the strong 
hydrogen P Cygni profiles in its spectrum in- 
dicated that it arose from a red supergiant star 
with a massive hydrogen envelope (5). Analysis 
of pre-explosion images from the Hubble Space 
Telescope (HST) and Gemini Telescope archives 
revealed a red supergiant star, with V = 25.8, J= 
23.3 and an initial mass of 8°*_, solar masses 
(M.), at the position where the SN occurred 
(Fig. 1) (6, 7). Five years after the explosion, it is 
time to verify that this star has disappeared, 
hoping that the SN remnant has faded to a lumi- 
nosity below that of its progenitor (as achieved 
for SN 1987A). 

We reimaged the site of SN 2003gd on 6 and 
10 September 2008 using the multiobject spec- 
trograph on the Gemini Telescope [GMOS, (8)] 
with the Sloan g’, 7’, and 7’ filters, under excellent 
seeing conditions (see Table 1). Using differential 
astrometry, we matched previous observations of 
SN 2003gd, acquired with the HST Advanced 
Camera for Surveys High Resolution Channel 


(ACS HRC) (6), with our GMOS frames to lo- 
cate the SN position to within 0.031" (Fig. 1). At 
this position, a single point source is not detected 
in the 7’ image, but the SN is still detected signif- 
icantly at mg(AB) = 25.00 + 0.04 and m,.(AB) = 
24.65 + 0.05 [see supporting online material 
(SOM)]. We compared our i’ image with a pre- 
explosion 7’ image taken with the GMOS instru- 
ment on 14 August 2001, in which the progenitor 
candidate was detected. After aligning the two 
images, we scaled the flux levels and the point 
spread function (PSF) of the postexplosion /’- 
band image to match those of the pre-explosion 
image, using the ISIS image subtraction pack- 
age (9, 10). We then subtracted the scaled post- 
explosion image from the pre-explosion frame, 
such that only photometrically variable objects 
remained (see the SOM for details of the pro- 
cedure). A point source residual, consistent with 
a single-star PSF, is present in the pre-explosion 
image to within 0.023” of the transformed SN 
position (Fig. 1) (see SOM). Smartt et al. (6) 
found a large offset between the transformed SN 
position and the object on the pre-explosion 
frame (0.137 + 0.071"), leading them to suggest 
that the object was a blend of the progenitor 
(Star A) and a nearby star (Star C) (Fig. 1). We 
find no such offset with our differential astro- 
metric solution, such that the object on the pre- 
explosion frame is completely consistent with a 
single star located at the position of Star A. All 
other single nonvariable stellar objects were 
cleanly subtracted from the pre-explosion image, 
with only minor residuals remaining for obvi- 
ously extended features such as resolved clusters. 
Hence, the point source visible in the subtracted 
frame is the i’-band flux from the progenitor, 
which has now disappeared. There clearly is a 
faint, extended background feature in the post- 
explosion image, but this is inconsistent with a 
single PSF. By conducting forced photometry at 
the SN position and by adding artificial stars to 
our postexplosion i’ image and attempting to 
recover them using the ISIS package, we conserv- 


postexplosion image subtracted. The residual object at the position of SN 2003gd 
is the progenitor, with any contaminating flux from nearby stars subtracted. 
The object at the SN location, marked as Star A, is consistent with single-star 
PSF (y* = 0.9) and has a Johnson / magnitude of 23.14 + 0.08 [m;(AB) = 
24.25 + 0.04]. In the bottom right corner, a model single-star PSF is shown. It 
was determined by ISIS and is consistent with the source detected in this 
subtraction image. 
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atively estimate that the upper brightness limit for 
a single point source is m{AB) > 26.3 at the SN 
location. This corresponds to a magnitude differ- 
ence between the pre- and postexplosion i’ images 
of Am; > 2. The absence of an obvious point 
source in the postexplosion image, which is with- 
in 2 magnitudes of the detected progenitor, further 
confirms that the star has disappeared. 

We transformed the pre-explosion 7’ band 
photometry to the Johnson system by bootstrap- 
ping the photometry with Wide-Field Camera 
images from the Isaac Newton Telescope and the 
M74 standard star sequence used for monitoring 
both SN 2003gd and SN 2002ap (//). These data 
imply that the progenitor star had a final Johnson 
I band magnitude of 23.14 + 0.08, tightening 
earlier constraints (6). This is 0.2 magnitudes 
brighter than previously reported, due to our 
determination that Star C contributed negligible 7’ 
flux. 

Using the HSTphot package (/2), we ana- 
lyzed pre-explosion HST Wide-Field Planetary 
Camera 2 WFPC2 images taken with the F606W 
filter, which is close to the V-band filter. We used 
the /-band magnitude determined above to solve 
the color-transformation equations that convert 
the F606W instrumental magnitude to the 
Johnson system and found that the progenitor 
has a Johnson V magnitude of 25.72 + 0.09. 
Correcting for a reddening of E(B — V) = 0.14 + 


0.06, which was determined from photometry 
of SN 2003gd (5), implies an intrinsic color 
of (V — Do = 2.41 + 0.14. This is consistent 
with the progenitor being an MO to M2 red 
supergiant star (/3) but disfavors warmer K- 
supergiant stars. Applying the appropriate bo- 
lometric correction for this range of allowed 
red supergiants, and correcting for a distance of 
9.3 + 1.8 Mpc to M74 (5), yields a luminosity of 
log (L/Le) = 4.29 + 0.2, with an effective 
temperature of log7¢ = 3.54 + 0.02. Compar- 
ison with the end points of stellar evolution 
models shows that this luminosity and temper- 
ature region of the Hertzprung-Russell diagram 
constrains the progenitor to have had initial mass 
of 7°; Me (2). 

At the epoch of 6 September 2008 (~2000 
days after explosion), the SN is still visible in the 
wavelength range corresponding to the F622W 
and Sloan 7’ filters (see table S7). This is due to 
the presence of considerable Ho emission in the 
band-passes of these filters, typical of type II SNe 
at late times (5, /4). The fact that the SN is bright 
in the late-time F622W observations precludes 
the use of image subtraction techniques to de- 
termine the true progenitor brightness in the pre- 
explosion WFPC2 F606W image. We need to 
wait longer until the Ho flux fades well below the 
magnitude of the progenitor star detected in the 
F606W filter. 


Table 1. Pre- and postexplosion observations of the site of SN 2003gd (*, pixel scale). 


REPORTS 


One could argue that the star identified as the 
progenitor was a neighboring star that is now 
obscured by dust formation in the foreground SN 
remnant. However, the internal extinction in the 
SN 2003gd remnant, due to newly formed dust, 
was estimated to be Ar < 1.48 (15) or Aj < 1.22 
(J6) at 678 days. Using this as the maximum 
value of the extinction across the SN remnant 
at the epoch of our GMOS images (assuming 
no further dust formation), this amount of extinc- 
tion is insufficient to cause Am, measured by 
us. This implies that the object we have iden- 
tified as the progenitor is not simply obscured 
by dust in the intervening SN remnant and has 
actually disappeared. 

The progenitor of the hydrogen-bearing (type 
IIb) SN 1993J was identified as a K-supergiant 
star, with excess flux at ultraviolet (UV) wave- 
lengths, possibly because of a binary companion 
or nearby stars (17). The model for this binary 
system was of a 15 M. progenitor star, with a 
binary companion of slightly lower mass (/5—20). 
Because the progenitor star evolved faster, it 
underwent mass transfer onto the binary compan- 
ion, which removed a substantial amount of its 
hydrogen envelope, causing a shift to the bluer K 
spectral type [rather than the canonical M spectral 
type (2)]. The binary companion grew to 22 Ms 
and became the source of the excess UV flux. A 
later study, using high-resolution HST images, 
found that some of the UV excess could be ex- 
plained by nearby previously unresolved stars 
but that a UV excess still remained unaccounted 
for (2/). The binary progenitor scenario was 
confirmed when spectral features of a massive 
blue supergiant were detected in late-time spec- 
troscopy (22). 

The site of SN 1993J was imaged several 
times over the 2 to 13 years after explosion with 
the HST WFPC2 ACS HRC and Wide-Field 
Channels (WFC) (see SOM for full list of dates). 
By the epoch of the 2004 observation, the red 
portion of the SN spectral energy distribution 
(SED) had faded below the level of the SED of 


Telescope/ : Exposure io Fi 
a eaeament Date Program Filter time (s) Seeing ("') 
Gemini GMOS 14 August 2001 GN-2001B-SV-102 7 480 0.57 
HST/WFPC2 25/28 August 2002 GO-9676 F606W 2100 (O;1* 
HST/ACS/HRC 01 August 2003 GO-9733 F814W 1350 0.025* 
Gemini GMOS 10 September 2008 GN-2008B-Q-67 g 4050 0.53 
Gemini GMOS 06 September 2008 GN-2008B-Q-67 r 1590 0.42 
Gemini GMOS 06 September 2008 GN-2008B-Q-67 7 3180 0.36 
Fig. 2. The SED of the B © 
progenitor binary sys- o 


tem of SN 1993]. The 
SED (AHR Corr) (17) has 
been corrected for the 
excess flux contribution 
from four nearby stars, 
unresolved in the low- 
resolution ground-based 
pre-explosion imaging, 
for comparison with 
photometry of high- 
resolution HST imaging 


20 


20.5 


——— AHR Corr 


resolut 1995 --— 2004 AHR Corr-~~-» KOla “ 
in which the SN is re- L —_e002 ----- 2006 ----» Bela 4 ms 
solved. (A) Overlaid SN | ___ t _ 

4000 6000 8000 6000 


1993] SEDs, measured 
with HST WFPC2, ACS/ 
HRC, and ACSAWFC, at 


Wavelength /A 


7000 8000 
Wavelength /& 


31 January 1995, 28 May 2002, 15 July 2004, and 1 and 3 November 2006. The B- and K- supergiant components are the result of a x? fit to the excess corrected pre- 
explosion photometry (22, 26). (B) A zoom in on the Rc and /c photometric points. Errors on the 2004 and 2006 photometry are calculated from PSF photometry of SN 1993]. 
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the binary progenitor system (Fig. 2) (see SOM), 
ruling out the continued presence of the K- 
supergiant star and, hence, confirming it as the 
progenitor of SN 1993J. At the current rate of 
decay of the SN SED, the U- and B-band fluxes 
will have reached the level of the proposed B- 
supergiant component by 2012, at which stage it 
will be possible to directly measure the properties 
of the remaining companion star. 

These results provide observational proof that 
red supergiant stars are the progenitors of type II 
SNe, through the disappearance of the previously 
identified candidate stars of two SNe. Our best 
estimate for the mass of the progenitor of the type 
IIP SN 2003gd is 7 Mz which is at the lower end 
of the mass range considered theoretically pos- 
sible to produce core-collapse events. Although 
the uncertainties (7°°_; Ms) would comfortably 
allow a large mass for this object, it is interesting 
that five progenitors of type IIP SNe are found 
with best estimates at 9 M. or below (2). This 
limit is predicted by stellar and SN evolution 
models (23) and is consistent with the upper 
initial mass limit observed for white dwarfs (24). 
The confirmation of the disappearance of the K- 


type progenitor star of SN 1993J is further 
evidence that the binary model previously sug- 
gested is valid. It demonstrates the importance of 
binary interactions for the production of hydrogen- 
poor SNe (25). 
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Greatly Increased Toughness of 
Infiltrated Spider Silk 


Seung-Mo Lee,** Eckhard Pippel,? Ulrich Gésele,? Christian Dresbach,? Yong Qin,* 
C. Vinod Chandran,? Thomas Brauniger,? Gerd Hause,* Mato Knez’* 


In nature, tiny amounts of inorganic impurities, such as metals, are incorporated in the protein 
structures of some biomaterials and lead to unusual mechanical properties of those materials. A 
desire to produce these biomimicking new materials has stimulated materials scientists, and 
diverse approaches have been attempted. In contrast, research to improve the mechanical 
properties of biomaterials themselves by direct metal incorporation into inner protein structures 
has rarely been tried because of the difficulty of developing a method that can infiltrate metals 
into biomaterials, resulting in a metal-incorporated protein matrix. We demonstrated that metals 
can be intentionally infiltrated into inner protein structures of biomaterials through multiple 
pulsed vapor-phase infiltration performed with equipment conventionally used for atomic layer 
deposition (ALD). We infiltrated zinc (Zn), titanium (Ti), or aluminum (Al), combined with water 
from corresponding ALD precursors, into spider dragline silks and observed greatly improved 
toughness of the resulting silks. The presence of the infiltrated metals such as Al or Ti was verified 
by energy-dispersive x-ray (EDX) and nuclear magnetic resonance spectra measured inside the 
treated silks. This result of enhanced toughness of spider silk could potentially serve as a model for 
a more general approach to enhance the strength and toughness of other biomaterials. 


and Gibbs suggested that metals such as Cu 

and Zn, which are incorporated in an inner 
protein matrix, might play a role in mechanical 
hardening of the jaws of the marine polychaete 
worm Nereis (1, 2). Many groups have inves- 
tigated the correlation between the presence of 
some metal elements, such as Zn, Mn, Ca, or Cu, 
accumulated in the cuticles of insects or other 
organisms (in body parts such as mandibles, 
stingers, claws, and ovipositors) and their en- 
hanced mechanical properties (particularly stiff- 
ness and hardness) (3—/5). We demonstrated that 


I: the field of biomaterials research, Bryan 


inorganic impurities such as Zn, Ti, and Al can be 
inserted into biomaterials by the multiple pulsed 
vapor-phase infiltration (MPI) process (Fig. 1), 
performed with equipment conventionally used 
for atomic layer deposition (ALD). 

For testing, we selected spider dragline silk 
from major ampullate silk glands, which outper- 
forms almost any human-made fiber in its com- 
bination of tensile strength (o) and extensibility 
(€) (its so-called extreme toughness, Jode) (16, 17). 
A number of scientists have claimed a strong 
relation between Zn accumulated in insect cu- 
ticles, such as the mandibles of the leaf-cutter ant 


(3, 6), locust (9), and marine polychaete worm 
Nereis (10), and the enhanced hardness and 
stiffness of these biomaterials. Broomell et al. 
showed that a metal ion (Zn*") plays a critical 
role in the mechanical properties of Nereis jaws, 
by nanoindentation measurements performed 
before and after Zn chelation (/2). Therefore, 
we initially alternately exposed the dragline silk 
to the vapor of diethylzinc (DEZ) [Zn(C2Hs).] and 
water (HO) (table S1) (78) in an ALD reactor and 
observed a considerable increase of both Omax 
(the maximum stress) and £;,,; (the initial Young’s 
modulus) as compared to those of the untreated 
native (N) dragline spider silk (SS) (SS/N), which 
had mechanical properties close to those reported 
in the literature for the Araneus spider’s drag- 
line silk [Omax (SS/N) ~ 1.1 GPa and E;,; (SS/N) ~ 
10 GPa)] (79) (fig. S2 and table S2). We sub- 
sequently observed that dragline silks exposed 
to Al(CH3)3 [trimethylaluminum (TMA)]/H,O 
or Ti(OCH(CH3)2)4 [titantum(I[V) isopropoxide 
(TIP)|/H20 pulse pairs showed considerably larger 
improvements in toughness than silks exposed 
to the DEZ/H,O pair. 

An ALD process conventionally leads to thin 
deposited layers of metal oxide on a fiber (Fig. 1). 
Therefore, the question arises whether the in- 
creased Omax could be considered a result of 
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these deposited layers. SS/Al,O3 (dragline silk + 
ALO; by a TMA/H,O pulse pair) and SS/TiO, 
(dragline silk + TiO2 by a TIP/H20 pulse pair) 
fibers were prepared. When those fibers were 
compared to native dragline silk, Oma, and Emax 


Fig. 1. Schematic of 
the difference between 
conventional ALD (thin- 
film deposition, top) and 
MPI (thin-film deposition 
plus chemical modifica- 
tion by metal infiltration, 
bottom). Conventionally, 
by multiple pulses of ALD 
precursors such as TMA 
(green arrows) and water 
(H20, pink arrows), thin 
films [such as alumina 
(Al,03), illustrated by the 
red shell] are deposited 
on rigid materials (such 
as metals) without chem- 
ical modification of the 
bulk. In contrast, in the 
case of soft materials such 


F ny 


Rigid Material 


Soft Material 


were increased (Fig. 2, A and B). Taking into 
account that thin Al,O3 or TiO, films generally 
fail by brittle fracture (fracture strain e¢ on the 
order of 10°) (20), it seems that because of the 
outer Al,O3 or TiO; coating of the silk, Fin; in the 


No Modification 
of Rigid Material 


as biomaterials or polymers, MPI provides a chemical modification of the bulk in addition to the thin-film 


deposition. 


Fig. 2. Tensile test 5.0 
curves of silk fiber sam- 
ples treated by TMA/H,0 
and TIP/H30 pulse expo- 4.0 
sure pairs and compari- — 
son to untreated samples 
and samples treated with OW 
various different pro- O, 
cesses. (A) and (B) Stress 
(c) and strain (e) curves 2.0 
of silk fibers treated with 
TMA/H,0 and TIP/H,O 
pulse pairs in various 1.0 
numbers of cycles rang- 
ing from 100 to 700. (C) 


o-e curves of silk fibers 0.0 
treated by individual 

vapor pulses (SS/TP/100, 
TMA without water; SS/ 45 
WP/100, water without 

TMA; sample denotation 0 
and information can be 3.5 
found in table $1 and o 
see fig. 53) together with ry *° 
a comparative (o-e) “95 
curve of SS/Al,03/100. © 
(D) o-e curves of silks 2.0 
dipped into either a TIP 15 
(SS/TIP) or H2O (SS/W) 

solution for 10 hours, 1.0 
followed by drying at 05 
room temperature, and 
SS/TiO2/300 as a com- 0.0 


parative o-e curve. In 
all graphs, the green 
line indicates the o-e 
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Untreated 
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curve of the native spider silk without any treatment (details are given in table $1). 
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range of 0 <¢ < 0.002 increased from Ei,;(SS/N) ~ 
9.7 GPa to Ejn(SS/ALO3) = 53 to 68 GPa or E jn; 
(SS/T103) = 53 to 66 GPa (table S2). However, 
the increase of the maximum tensile stress and 
strain was independent of the contribution of 
the Al,O3 or TiO, coating. From these results, it 
was concluded that both Omax and Emax of the 
native spider dragline silk can be generally in- 
creased by MPI, and the contribution of the outer 
metal oxide layer coating on the fiber to the im- 
provement of its mechanical properties is of minor 
importance. 

The question still remains whether separate 
individual pulses [water pulse (WP) exposure 
without a TMA pulse (TP) exposure and vice 
versa] would also affect the silk properties. We 
prepared samples with 100 pulses of individual 
precursor vapors (SS/TP/100 and SS/WP/100, 
table S1 and fig. S3) under the same processing 
conditions as the MPI samples (SS/AI,O3/100). 
The overall o,,,, and E;,; of both SS/TP/100 and 
SS/WP/100 were somewhat decreased and, in con- 
trast, € increased only slightly (Fig. 2C). However, 
the overall toughness was much smaller than that of 
SS/AI1,0;/100. Pulses of only one reactant (TMA 
or H,O) were not effective for the enhancement 
of the mechanical properties of the silk. Addi- 
tionally, the exposure times appear to play an 
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Folded silk disk 
(SS/TiO2/500) 
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Fig. 3. (A) TEM image of microtomed SS/TiO,/500. The prepared samples 
originally should show a disk shape, but the silk folded and the TiO, layer broke 
and dispersed in some parts. It is assumed that such distortions arose during 
the microtoming process because of the small thickness (~90 nm) of the silk 
disk. The TiOz layer and the silk part (SS/TiO2/500) showed similar image 
contrast. Ti infiltration into the silk was observed along the whole TiO, shell 
[inset (1)]. (B) Element concentration from EDX scanned across the boundary 
region along the TiOz layer (A to B in the pink box; R1, R2, and R3 designate 
the region of the carbon grid, TiO2 layer, and silk part of SS/TiO2/500, 
respectively) and (C) EDX spectrum measured on the folded silk part located at 
the center of the silk. Ka, Ti x-ray emission peak at 4.5 keV; KB, peak at 4.9 keV. 


Weight ratio (%) 


EDX Spectrum 
on Folded Silk Part 


important role. For the current results, we used a 
chamber-type ALD setup with exposure times 
for individual pulses of up to 40 s (see also table 
$1). Control experiments with a flow-type ALD 
process, which only allows for an exposure time 
of less than 1 s, did not yield considerable 
enhancement of the mechanical properties, clear- 
ly indicating a more complex process than simple 
coating of the structure as would be expected in a 
regular ALD process (2/). 

We also investigated whether simple dipping 
of silks into the highly reactive liquid ALD pre- 
cursor would enhance the mechanical properties. 
We prepared various samples that were separate- 
ly dipped into the individual precursor solutions 
(SS/TIP, dipped into TIP; and SS/W, dipped into 
water; table S1) under ambient conditions (at a 
temperature of 15°C and at atmospheric pressure) 
for 10 hours, followed by drying under the same 
conditions (22). Fini and Omax increased and €max 
decreased slightly as compared to SS/N (Fig. 2D). 
However, like the samples produced by the indi- 
vidual pulses of only one reactant under ALD 


conditions, the overall mechanical properties of 
those samples (SS/TIP and SS/W) were not com- 
parable to those of SS/TiO./300. 

The increased toughness of the above- 
mentioned silks appears to be caused by an in- 
filtration of inorganic impurities such as Al or Ti, 
which presumably react with proteins after a pre- 
conditioning by the water penetrating into the 
fiber (23, 24), a process probably similar to the 
hardness- and stiffness-increasing effects on Nereis 
jaws produced by a small amount of artificial Zn 
incorporation into the jaw (/2). As shown in 
transmission electron microscopy (TEM) images 
of SS/TiO2/500 (Fig. 3A, inset I, and B), along 
the TiO, shell, a region of ~100 nm in depth 
shows a high image contrast. Considering the 
relative weight ratio of carbon (C), oxygen (O), 
and Ti, a large amount of Ti was infiltrated in this 
shell region. In the center part of the silks (folded 
region), energy-dispersive x-ray (EDX) analysis 
detected weak but clear Ti signals (1.42 to 2.83% 
by relative weight ratio). Because the resolution 
limit of the system amounts to about 0.5 to 1.0%, 


the spectrum under those limits has not been 
quantified. But qualitatively, the small amount of 
Ti shown as the Ti-K peak is well above the 
background. In addition, indirect but similar evi- 
dence for the infiltrated Al ions into silk, which 
interact with the silk proteins, was observed by 
magic angle spinning nuclear magnetic resonance 
(NMR) measurements of SS/Al,03/300 [support- 
ing online material (SOM) text 1]. 

Spider silk is generally regarded as a semi- 
crystalline biopolymer containing two major parts: 
B-sheet crystalline parts consisting of hydrophobic 
polyalanine sequences and amorphous parts com- 
posed of amino acid residues, linked via hydrogen 
bonds (/9). The exact infiltration mechanism and 
intermolecular bonding states between proteins 
and metals has not been determined. However, 
considering the severe attack of water occurring at 
the hydrogen bonds that interconnect the proteins 
(25), a global weakening of the hydrogen bonds in 
proteins with increasing water vapor temperature 
(26) can be assumed. In addition, the strong re- 
activity to chemical bonds (23) and deep penetrat- 
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Fig. 4. Schematic description of proposed molecular changes in the silk produced by MPI. The 
detailed explanation can be found in the text and in fig. $6. 


ing capability of metal-containing ALD precursors 
(such as TMA, TIP, and DEZ) into soft materials 
such as polymers (24) and the metal ions’ prefer- 
ential binding features to the proteins (27, 28) 
could lead to stable metal-protein compounds by 
chelating ions (29, 30) such as Al** (31), Ti** (32), 
or Zn** (33) to form metal-protein complexes. 
During long exposure times to water vapor (5 to 
40 s) (34), the inner hydrogen bonds of the silk 
protein are likely to weaken or break in some 
regions upon water vapor attack at 70°C. Subse- 
quently after long-term exposure to the metal 
precursor vapor, Al**, Ti", or Zn°" is likely to 
infiltrate the protein and bind to the broken bond- 
ing sites, thereby resulting in the formation of 
metal-coordinated or even covalent bonds. As a 
minor additional effect, methane (TMA/H30) or 
isopropanol (TIP/H,O) as reaction byproducts 
may have additional effects to weaken or break 
the remaining hydrogen bonds. Consequently, the 
recoverable hydrogen bonds may be changed to 
permanent covalently bonded or coordinated AI-, 
Ti-, or Zn-protein complexes (Fig. 4 and fig S6). 
Therefore, unlike native silks, which are highly 
sensitive to environmental conditions such as 
humidity and temperature (mainly caused by the 
hydrogen bond breaking and recovery feature be- 
tween water and amide groups in the protein 
chains) (/9), the metal-infiltrated silks, which pre- 
sumably may have covalent or coordinated bonds, 
are hardly affected by these conditions (35). 

By wide-angle x-ray scattering (WAXS) mea- 
surements of SS/AI,03/300 and SS/TiO,/500, an 
inner-protein matrix structure change, caused by 
metal incorporation, was observed. More specif- 
ically, the size of silk protein B-sheet crystallites 
decreased after the MPI treatment (SOM text 2, 
figs. S4 and S5, and table S3). The strength of the 


silk is strongly dependent on the sizes of the 
polyalanine crystals, which are either small and 
perfect or large and imperfect (36), as proposed 
by Termonia (37) and experimentally validated 
by Du et al. (38). The extensibility of the silk is 
determined by the orientation and amount of 
amorphous chains, as proposed by Termonia (37) 
and elucidated by Lefevre et al. (39). From these 
WAXS results (a decrease in the size of the pro- 
tein crystallites), it could be easily conjectured 
that parts of protein crystals (probably large im- 
perfect crystallites) are likely to be converted into 
protein chains by hydrogen bond breaking and 
metal substitution caused by MPI, thus resulting 
in additional amorphous regions. From the theo- 
retical model by Termonia and supportive exper- 
imental results by Du et al. (38) and Lefevre et al. 
(39), it is likely that additional amorphous re- 
gions and size-reduced protein crystallites, in- 
duced by metal infiltration, function as factors to 
enhance €ynax and Omax Of MPI-treated silks (Fig. 
4 and fig. S7). On the other hand, we observed 
that the individual TMA or HO pulses produced 
no major enhancement of the mechanical proper- 
ties of the silk composites (Fig. 2C). It appears 
that even though the individual pulsed vapor 
molecules contribute to the severe hydrogen bond 
breaking on the overall silk, because of the strong 
recovery behavior of the hydrogen bonds, some 
are reestablished. The resulting silks show an 
analogous curve profile to those of slightly con- 
tracted silk fibers, caused by local hydrogen bond 
breaking (40). We also observed that direct dip- 
ping of the silk into the pure liquid TIP precursors 
at ambient conditions had only a slight enhance- 
ment effect on the mechanical properties (in- 
creased Omax Of SS/TIP in Fig. 2D), similar to the 
hardness enhancement of the polychaete worm’s 
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jaws caused by Zn incorporation through incuba- 
tion in ZnCl, solution at 25°C (/2). Unlike TIP, 
which has low polarity (4/), water causes a large 
shrinkage of silks by the destruction of hydrogen 
bonds in silk proteins (mainly amorphous re- 
gions), due to the high polarity (42) when the 
silks are immersed in water. We speculate that 
subsequent drying of the contracted silk fibers 
under axially restrained conditions, due to fix- 
ing the silk fibers on a paper clip (see table S1 
for the details of sample preparation), leads to 
better alignment of the protein amorphous chains 
(43), resulting in decreased strain and slightly 
increased stress (44) (see result for SS/W in 
Fig. 2D). 

We showed a large enhancement of the me- 
chanical properties of spider silks via the MPI 
process and realized the prediction of Porter and 
Vollrath (45) that mineral-infused silk would 
show much greater toughness than native silk. 
This effect is not limited to spider silks but could 
also be shown to work for other biomaterials, 
such as collagen membranes from avian eggs 
(fig. S8). 
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Asymmetric Autocatalysis Triggered by 
Carbon Isotope ("°C/'7C) Chirality 


Tsuneomi Kawasaki, Yukari Matsumura, Takashi Tsutsumi, Kenta Suzuki, 


Masateru Ito, Kenso Soai* 


Many apparently achiral organic molecules on Earth may be chiral because of random 
substitution of the 1.11% naturally abundant 73C for 72C in an enantiotopic moiety within the 
structure. However, chirality from this source is experimentally difficult to discern because of the 
very small difference between 7°C and 72C. We have demonstrated that this small difference can be 
amplified to an easily seen experimental outcome using asymmetric autocatalysis. In the reaction 
between pyrimidine-5-carbaldehyde and diisopropylzinc, addition of chiral molecules in large 
enantiomeric excess that are, however, chiral only by virtue of isotope substitution causes a slight 
enantiomeric excess in the zinc alkoxide of the produced pyrimidyl alkanol. Asymmetric 
autocatalysis then leads to pyrimidyl alcohol with a large enantiomeric excess. The sense of 
enantiomeric excess of the product alcohol varies consistently with the sense of the excess 
enantiomer of the carbon isotopically chiral compound. 


he limits of knowledge in recognizing 

and understanding chirality are continu- 
ally pushed back by innovative methods 

(/-4). Although the theory of a tetrahedral asym- 
metric carbon atom with four differing substitu- 
ents has been understood since the 19th-century 
work of van’t Hoff and LeBel (5—9), molecules 
for which this characteristic arises solely from 
carbon isotopic substitution are rare (/0). It is not 
known whether a reactive difference between en- 
antiomers can arise solely from a difference in 
carbon isotopic substitution. Such an observation 
has been experimentally inaccessible. Considering 
that the natural abundance of °C is ~1.11% on 
Earth, many organic molecules may be chiral aris- 
ing from carbon isotope differences in enantiotopic 
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groups, although the enantiomeric excess arising 
from this source may be minute (Fig. 1). 

There are reports on enantioselective reactions 
(11, 12) or on a kinetic resolution (73) induced by 
hydrogen isotope (H/D) replacement, and the use 
of hydrogen isotopes to explore enzymatic mech- 
anisms is well known (/4). In a polymer, isotope 
chirality (H/D) has been shown to cooperatively 
control macromolecular helical handedness (/5). 
However, the effect of carbon isotope substitution 
is expected to be far smaller. Thus, enantioselective 
reactions induced by molecules that are chiral 


—— 


Achiral Compound 


Carbon Isotope 


solely by virtue of carbon isotope substitution 
present a challenging problem. To the best of our 
knowledge, there have been no reports in which 
carbon isotopically substituted chiral compound in- 
duces enantioenrichment in an asymmetric reaction. 
Here, we show that asymmetric autocatalysis 
with amplification of enantioenrichment (/6, /7) 
can be successfully applied to the discrimination 
between enantiomers that differ solely in substitu- 
tion of carbon isotopes. Asymmetric autocatal- 
ysis has enormous power to recognize molecular 
chirality (78-22). In the reaction between pyrimidine- 
5-carbaldehyde 4 and diisopropylzinc (i-P1,Zn), the 
zinc alkoxides of the isotopically substituted chiral 
alcohols 1 to 3 cause a slight enantiomeric excess 
(ee) in the zinc alkoxide of pyrimidyl alkanol 5. 
After autocatalytic amplification of this enantio- 
meric excess, alkanol 5 accumulates an enhanced 
ee with a sense that varies consistently with that 
of the abundant enantiomer of the isotopically 
substituted chiral compound 1, 2, or 3 (Fig. 2). 
The isotopically chiral compounds 1 to 3 were 
synthesized as shown in Fig. 3 (23). First, methyl- 
'3C-methylphenyl methanol 1 was prepared. To 
restrict chiral effects to the influence of the car- 
bon isotopic chirality, both enantiomers of 1 were 
prepared from the same chiral ligand (—)-8 as 
shown in Fig. 3, route I. The enantiomers could 
be synthesized by direct asymmetric dimethyl- 
zinc addition to acetophenone using sulfonamide 
(—)-8 (24) as a chiral ligand. (R)-Alcohol 1 was 
synthesized using ‘C-labeled acetophenone 6 as 
the substrate. On the other hand, (S)-1 was 


Carbon Isotope Enantiomers 


Fig. 1. Generation of chirality by carbon isotope substitution. 
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prepared from the '*C-labeled dimethylzinc and 
unlabeled acetophenone 7 using the same chiral 
ligand (—)-8. In route II, asymmetric centers of 
tert-alcohol 1 were introduced by asymmetric 
epoxidation (25) to the C-labeled allyl alcohol 9, 
followed by reduction of the tosylate and the 
epoxide, which afforded the enantiomers of the 
desired tertiary alcohol 1. 

Next, (S)- and (R)-1-methyl-'C-oxy-3- 
methoxy-2-propanol 2 were synthesized from 
(R)- and (S)-glycidyl methyl ether 11 using '°C- 
labeled sodium methoxide. The stereoinversion 
reaction (26) of (S)-2 and alcoholysis also afforded 
the opposite (R)-2. Thus, both enantiomers 2 could 
be prepared from (R)-11 as the chiral substrate. 


Finally, phenyl-1,2,3,4,5,6-'*C¢-phenylmethanol 3 
was synthesized by a diphenyl(1-methylpyrrolidin- 
2-yl)methanol (DPMPM)-catalyzed asymmetric 
aryl transfer reaction (27, 28) to the '"C-substituted 
benzaldehyde 12 to afford 13 with a chiral stereo- 
genic center. Reductive removal of the bromide 
substituent gave the isotopically substituted en- 
antiomers of diphenylmethanol 3. The reduc- 
tion of the aryl bromide via the corresponding 
highly polar boronic acid facilitated separation 
of unreacted compounds in each step. The en- 
antiomeric excess of the synthesized alcohols 
1 and 2 could be determined from proton nu- 
clear magnetic resonance ('H-NMR) spectra 
of their diastereomeric esters of a-methoxy-a- 
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trifluoromethylphenylacetic acid (MTPA). Be- 
cause the chemical shift differences for the pair of 
normal and '*C-labeled groups can be observed, 
the integration of these peaks shows the diaste- 
reomeric excess of these MTPA esters, that is, the 
enantiomeric excess of the synthesized carbon 
isotopic chiral alcohols. 

We found that the isotopic chirality in alcohols 
1 to 3 was successfully discriminated by asym- 
metric autocatalysis. The results of asymmetric 
autocatalysis triggered by the carbon isotopically 
chiral alcohols are shown in Table 1. First of all, we 
investigated methyl-'*C-methylphenyl methanol 
1, which is a chiral tertiary alcohol formed by the 
substitution of the '*C-methyl group. In series A1, 
asymmetric autocatalysis was performed in the 
presence of (R)-1 with 89% ee; the synthesis of 
the isotopically substituted alcohol proceeded via 
route I, including an asymmetric dimethylzinc 
addition using the same chiral ligand (—)-8, and 
production of (S)-5 with 92% ee was observed 
(entry 1). In turn, when (S)-1 was used as the 
chiral trigger, (R)-5 with 96% ee was obtained in 
95% yield (entry 2). These relationships of 
absolute configurations between 1 and the result- 


Asymmetric Induction 
by Carbon Isotope Chirality 


ing 5 are highly reproducible (entries 3 to 8). 
Additional eight experiments of autocatalytic re- 


\ N~ tion performed using (R)-1 (table S1, entries 1 to 
\ action p' ig 
jf ef on 4) and (S)-1 (entries 5 to 8), have also strongly 
4+/-PrZn 4 4+ /-PrZn supported the stereochemical correlations between 
+ ( Zn (R)- and (S)-alcohol 1 and pyrimidyl alkanol (S)- 
2 


and (R)-5 (23). These results using carbon isotopic 
chiral tert-alcohol 1, whose enantiomers were syn- 
thesized from the same chiral source, clearly indi- 
cate that the direction of asymmetric induction is 
strongly correlated to the carbon isotopic chirality 
in compound 1. 

Using the single enantiomer (—)-8 in synthe- 
sizing both (R)- and (S)-alcohols 1 excluded the 
possibility that residual contamination from 8 
could have induced the enantiomeric excess of 
the product alkanol 5. If trace amounts of 8 in the 
added sample of alcohol 1 were responsible for 
the asymmetric induction, we would expect com- 
pound 5 to exhibit the same absolute configura- 


N= OZn(i-Pr) 


Tiny ee 


N= OZn(i-Pr) 
Tiny ee | 


N N- 
Satyr _———See Sate 


Discrimination of 
Carbon Isotope Chirality 


Enhancement of 
Enantiomeric Excess 


Highly Enantioenriched (S)-5 Highly Enantioenriched (R)-5 


Fig. 2. Discrimination of carbon isotopic chirality by asymmetric autocatalysis. 


Fig. 3. Synthetic routes to 
carbon isotope-modified 
chiral compounds. a) 


—Methyl-'2C-methylphenyimethanol 1— 


route II 


route I 


a . A (e) Ph OH HO. *,COi-Pr 
T(OF-Pr4, ligand (~-8, 2) Sey Jen HO“ CO,-Pr H 
toluene or ether; b) di- Pho GH; + Mepzn DB BaG: CHS 50 CH, 6-0 ged) «= POH 
: : > (R)-1: 89% ee NH dion PT a va 
isopropyl tartrate (DIPT), ligand (-)-8 on a Ph b) Ph~* H3!3C* CH, 
(OFPr -BuOO! . (Same chiral source) N 9 
TOFD, t : H, CHC 0) ° G Ph, OH ore D-(-)-DIPT © (R)-10 (86% ee) >  (R)-1 (86% ee) 
p-toluenesulfonic anhydride, Pho CH;+ (13CHs),Zn Hs"30 CH, L-(4-DIPT © (S)-10 (89% ee) ©  (S)-1 (90% ee) 
4-(dimethylamino)pyridine, 7 a) (S)-1: 93% ee 
pyridine; d) LiAIH,, ether; e) 
Na, 13CH0H; f) PhsP, di- —1-Methyl-'?C-oxy-3-methoxy-2-propano! 2— —Phenyl-1,2,3,4,5,6-'8Cg-phenylmethanol 3— 


isopropyl azodicarboxylate, 
(p-NO3)CgH4CO>H, tetrahy- 
drofuran (THF); g) K2CO3, 
MeOH; h) diphenyl(1- 
methylpyrrolidin-2- 
yl)methanol (DPMPM), 
(p-Br)CgH,B(OH)>, di- 
ethylzinc, toluene then 
recrystallization; i) chlorotrimethylsilane, EtzN, THF; j) n-BuLi, B(OEt)3, THF; k) diethylzinc, toluene then H20; l) tetra-n-butylammonium fluoride, THF. 


= : Ph 
woh Stereoinversion | 49H eS ; r 
H33co_ ” OCH, ————>_ H,CO__” oO'8CH Me OH Be. | Bc. 
3 Rae 3 3 nie 3 DPMPM aa Stas iH) ne ere 
— 8, —— cL se 
h) te Br 36 


(S)-2 (>95% ee) 9) (R)-2 (>95% ee) "8CgHsCHO 
(S)DPMPM > 


12 
of of 
(R)-glycidyl methyl ether 11 (S)-11 (R)-DPMPM => 


(R)-13 (99% ee) > 
(S)-13 (96% ee) > 
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tion regardless of the choice of (R)- or (S)-1 as a 
potential trigger. Instead, as confirmed in Table 1, 
entries | to 8, and table S1, entries 1 to 8, (R)- and 
(S)-alkanols 5 were obtained reproducibly from 
adding isotopically chiral (S')- and (R)-alcohols 1, 
respectively, ruling out any role of trace 8. 

In series A2 of Table 1, the enantiomers of 
tert-alcohols 1 were synthesized via route IL. In 
this series, the induction sense was the same as 
observed in series Al, with high reproducibili- 


ty: Chiral alcohol (R)-1 acts as an initiator of 
(S)-alkanol 5 formation (entries 9, 11, 13, and 
15), and (S)-1 leads to (R)-5 (entries 10, 12, 14, 
and 16, respectively). When other samples of 
(R)- and (S)-tert-alcohol 1, which were prepared 
in different vessels, were used as chiral inducers, 
the same stereochemical outcomes were ob- 
tained. To establish reproducibility, we carried 
out an additional 16 asymmetric autocatalysis 
experiments, using isotopically chiral (R)- and 


Table 1. Chiral discrimination of the carbon isotopically chiral alcohols using asymmetric autocatalysis. 


13¢/2C chiral 


Pyrimidyl alkanol 5 


Entr' 
alcohol (ee) Isolated yield ee Configuration 
Series A1 t+ 
1 (R)-1 (89% ee) 94 92 S 
2 (S)-1 (93% ee) 95 96 R 
3 (R)-1 (89% ee) 80 88 S 
4 (S)-1 (93% ee) 94 96 R 
5 (R)-1 (89% ee) 96 88 S 
6 (S)-1 (93% ee) 97 94 R 
7 (R)-1 (89% ee) [not determined] 935 5 
8 (S)-1 (93% ee) 92 93 R 
Series A2tt!! 
9 (R)-1 (86% ee) 94 94 S 
10 (S)-1 (86% ee) 87 95 R 
11 (R)-1 (86% ee) 93 94 S 
12 (S)-1 (90% ee) 98 93 R 
13 (R)-1 (86% ee) 85 92 S 
14 (S)-1 (84% ee) 93 88 R 
15 (R)-1 (86% ee) 88 89 5 
16 (S)-1 (90% ee) 93 90 R 
Series BY" 
17 (S)-2 (>95% ee) 92 97 S 
18 (R)-2 (>95% ee) 86 93 R 
19 (S)-2 (>95% ee) 89 92 S 
20 (R)-2 (>95% ee) 89 76 R 
21 (S)-2 (>95% ee) 90 83 S 
22* (R)-2 (>95% ee) 90 95 R 
23* (R)-2 (>95% ee) 92 89 R 
24# (R)-2 (>95% ee) 78 89 R 
Series C*” 
25 (S)-3 (99% ee) 96 95 S 
26 (R)-3 (96% ee) 96 92 R 
27 (S)-3 (99% ee) 73 94 S 
28 (R)-3 (96% ee) 80 92 R 
29 (S)-3 (99% ee) 84 94 S 
30 (R)-3 (96% ee) 87 92 R 
31 (S)-3 (99% ee) 85 70 S 
32 (R)-3 (96% ee) 80 76 R 


*Carbon isotopically chiral initiator 1 was synthesized via route | in Fig. 3. 
0.05:1.05:2.15. Aldehyde 4 and i-Pr2Zn were added in three separate portions. 


tthe molar ratio of 1:4:/-Pr2Zn = 
Forty-six additional runs were carried out 


in this way, further confirming the invariance of the relationship between the handedness of alcohol 1—3 and that of product 
5, but with a variation in the absolute value of the product ee. In series A1 (8 further runs) with alcohol 1 of 89% ee (R) or 
93% ee (5), the range of product ee was 79 to 94%; for series A2 (16 further runs) with alcohol 1 varying in ee between 84 
and 90%, the range of product ee was between 32 and 95%; for series B (14 further runs) with alcohol 2 (R) or (S) of >95% 
ee, the range of product ee was between 63 and 88%, and for series C (8 further runs) with alcohol 3 of 99% ee (5S) or 96% ee 
(R), the range of ee of the product 5 was between 63 and 88%. See table $1 for the full data. §The enantioenrichment of 
product alkanol 5 amplifies according to the addition of aldehyde 4 and i-Pr2Zn: For example, in this entry the step-by-step 
measured ee values of alkanol 5 during three consecutive reactions were 5% ee (after the initial dropwise addition of 4 and 
i-Pr2Zn), 32% ee (after the second addition), and then 93% ee (after the third addition). \ICarbon isotopically chiral 
alcohol 1 was synthesized via route II in Fig. 3. (The molar ratio of 2:4:/-Pr2Zn = 0.04:1.8:3.74. Aldehyde 4 and i-Pr2Zn 
were added in four separate portions. The ee values of 2 were determined from *H-NMR of its MTPA-ester. #(R)-Alcohol 2 
used as chiral initiator was synthesized by a stereoinversion reaction from (S)-2. “The molar ratio of 3:4:/-Pr.Zn = 
0.025:0.75:1.525. Aldehyde 4 and i-Pr2Zn were added in four separate portions. The ee of 3 was assigned based on the 
measured ee of 13. 


(S)-1 each 8 times (table S1, entries 9 to 16 and 
17 to 24). The results show consistent stereo- 
chemical correlations without any exception (23). 

To check for chiral influences other than that 
arising from the isotopically chiral compound, we 
conducted the autocatalytic reaction induced by 
the achiral alcohol 1, which was synthesized by 
route II using unlabeled 9. Previously, we have 
reported spontaneous absolute asymmetric synthe- 
sis in the autocatalytic pyrimidine-5-carbaldehyde/ 
diisopropylzinc system (29, 30). That is, under 
achiral conditions, enantioenriched (S)- or (R)- 
alkanol 5 could be obtained by the reaction of 
aldehyde 4 and 7-Pr,Zn in combination with asym- 
metric autocatalysis. The stochastic behavior of 
the formation of (S)- and (R)-alkanol 5 was ob- 
served during 84 trials (30). Thus, we considered 
that if there is no chiral factor, which can induce 
the chirality in asymmetric autocatalysis, the for- 
mation of both (S)- and (R)-alkanol should be 
observed. On the other hand, if there were some 
chiral factors in the reaction, predominant forma- 
tion of (S)- or (R)-pyrimidy] alkanol 5 correlated 
to the chiral factor should be observed. When the 
autocatalysis was performed in the presence of 
unlabeled achiral compound 1 prepared using 
D-(—)-diisopropyl! tartrate (DIPT) in the ep- 
oxidation step, enantioenriched (S)- and (R)- 
alkanol 5 were obtained in three and five instances 
from eight attempts, respectively. In addition, 
achiral compound 1, prepared by using tartrate 
with the opposite absolute configuration as a 
chiral ligand, initiated the formation of enan- 
tiomers of 5 with equal frequency, that is, four 
occurrences of S' and four of R. Detailed experi- 
mental results of asymmetric autocatalysis in the 
presence of nonlabeled achiral alcohol 1 are given 
in table S2 and supporting text (23). Considering 
the 24 reproducible asymmetric induction results 
obtained using isotopically chiral 1 (Table 1, en- 
tries 9 to 16, and table S1, entries 9 to 24), these 
observations of both enantiomers of 5 during 16 
trials with achiral 1 confirm the absence of any 
chiral contaminants in the synthesized sample of 
1 that can influence the asymmetric autocatalysis. 

In series B of Table 1, sec-alcohol 2 was used 
to trigger asymmetric autocatalysis. In the pres- 
ence of (S)-alcohol 2, enantioselective i-PrZn 
addition to pyrimidine-5-carbaldehyde 4 led to 
(S)-pyrimidyl alkanol 5 with 97% ee (entry 17). 
On the other hand, the opposite enantiomer (R)-2 
induced the production of (R)-5 with 93% ee 
(entry 18). When we repeated the experiments, 
(S)- and (R)-sec-alcohol 2 induced the formation 
of (S)- and (R)-alkanol 5 with the same sense of 
stereochemistry, respectively (entries 19 to 21). 
To exclude any chiral influence other than that 
of carbon isotopic chirality, the (R)-alcohol 2 
used as the chiral initiator in entries 22 to 24 was 
prepared from the opposite enantiomer (S)-2 
by the stereoinversion reaction; the same stereo- 
chemical correlation as before was observed in 
formation of enantioenriched (R)-5. The repro- 
ducibility was further established by an addi- 
tional 14 asymmetric autocatalysis experiments 
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using isotopically chiral (S'})- and (R)-2 eight 
and six times, respectively (table S1, entries 25 
to 32 and 33 to 38). The results show the same 
stereochemical correlations without any excep- 
tion (23). 

Finally, in series C of Table 1, (S)- and (R)- 
phenyl-1,2,3,4,5,6-'C.-phenylmethanol 3 were 
used as chiral initiators of asymmetric autocatal- 
ysis. When (S)-3 was used as the chiral trigger, 
enantioselective addition of i-Pr,Zn to pyrimidine- 
5-carbaldehyde 4 afforded (S'})-pyrimidy] alkanol 
5 with 95% ee in 96% yield (entry 25). In con- 
trast, the reaction in the presence of (R)-3 gave 
(R)-alkanol 5 with 92% ee (entry 26). These cor- 
relations between the °C isotope chirality and 
the configuration of the produced alkanol 5 also 
showed strong reproducibility, with (S)- and (R)-3 
inducing the production of (S)- and (R)-5, re- 
spectively (Table 1, entries 27 to 32, and table S1, 
entries 39 to 46) (23). 

In these enantioselective reactions, the initial 
formation of the zinc alkoxide of the isotopically 
chiral alcohol tips the enantiomeric balance of 
the initial i-Pr.Zn addition to aldehyde 4; thus, a 
small enantiomeric excess of the zinc alkoxide of 
5 is induced. After this step, the subsequent auto- 
catalytic amplification of the small enantiomeric 
excess causes the zinc alkoxide of 5 to accumu- 
late at enhanced ee, with an absolute configura- 
tion tied to that of the "C-labeled chiral alcohol 
(1, 2, or 3) used to trigger the process. Thus, the 
extremely small chiral effect generated by the 
substitution of the carbon isotope must be re- 
sponsible, not for the amplification of the enan- 
tiomeric excess in the asymmetric autocatalysis, 
but for the enantioselection observed, that is, for 
the enantiomer produced in excess in the forma- 
tion of the initial zinc alkoxide intermediate and 
therefore in the final production of 5. 

Only minute energy differences can be asso- 
ciated with the isotopically substituted enantiomer 
of 1, 2, or 3 in causing the tiny enantiomeric ex- 
cess of the alkoxide that triggers the asymmetric 
autocatalysis arising from the dialkylzinc addi- 
tion to 4 (Fig. 2). It has been recognized that such 
minute energy differences are not interpretable 
with the tools available to structural theory (/5, 37). 
In the initial reaction stage, the minute energy 
differences have a tiny effect, which is then 
cooperatively amplified to the final large enantio- 
meric excess. It is therefore impossible to disclose a 
structural reason for the difference in frequency of 
these initial enantiotopic face selectivities. The 
“cooperation—amplification” effect, which has been 
discussed regarding the structural effect of hy- 
drogen deuterium chiral substitution in a helical 
polymer (/5), finds reactive analogy in this auto- 
catalytic system. The product handedness is en- 
tirely predictable, but the absolute value of the ee 
varies from run to run. This observation indicates 
a stochastic influence in the initiation phase bi- 
ased by the chiral additive. The locally induced 
enantiomeric excess of zinc alkoxide is then am- 
plified by the normal asymmetric autocatalytic 
process (32). 


The neglected carbon isotopic chirality of many 
organic compounds on Earth—a characteristic 
that has largely eluded discrimination using con- 
temporary methods—can thus be discriminated 
by asymmetric autocatalysis, which is a highly 
sensitive reaction for recognizing and amplify- 
ing the extremely small chiral influence be- 
tween 'C and '°C. The method described above 
may expand the scope of research on carbon iso- 
tope chirality in organic molecules in nature (33). 
Natural enantiomeric excesses in this class of 
carbon isotopically chiral compounds may be 
very low, however. The possible role in asym- 
metric autocatalytic reactions of such compounds 
with low ee remains to be clarified. 
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A Global View of the 
Lithosphere-Asthenosphere Boundary 


Catherine A. Rychert* and Peter M. Shearer 


The lithosphere-asthenosphere boundary divides the rigid lid from the weaker mantle 

and is fundamental in plate tectonics. However, its depth and defining mechanism are not 

well known. We analyzed 15 years of global seismic data using P-to-S (Ps) converted phases and 
imaged an interface that correlates with tectonic environment, varying from 95 + 4 kilometers 
beneath Precambrian shields and platforms to 81 + 2 kilometers beneath tectonically altered 
regions and 70 + 4 kilometers at oceanic island stations. High-frequency Ps observations 
require a sharp discontinuity; therefore, this interface likely represents a boundary in 
composition, melting, or anisotropy, not temperature alone. It likely represents the 
lithosphere-asthenosphere boundary under oceans and tectonically altered regions, but 

it may constitute another boundary in cratonic regions where the lithosphere-asthenosphere 


boundary is thought to be much deeper. 


apping the depth and character of the 
MV itesicesstzzonts boundary with 


existing seismic methods has proven 


to be a challenge. Global surface-wave studies 
(/—4) image rigid lithospheres that increase in 
thickness from oceans to continents at broad 


www.sciencemag.org SCIENCE VOL 324 24 APRIL 2009 


495 


i REPORTS 


496 


wavelengths (~1000 km). However, both the 
absolute depth and the nature of the boundary 
are debated. Lateral variations in depth likely 
occur at finer scales, as seen in regional results 
[e.g., (5, 6)]. Similarly, the depth resolution of 
most surface- and body-wave tomography 
studies is limited to >40 km, which is insuffi- 
cient to determine the mechanism that defines 
the boundary. Finally, imaging of the boundary 
globally at higher resolution with regional and 
global stacks of body waves has not been pos- 
sible (7). This could be because the boundary 
is not sharp enough to be detected at high fre- 
quencies, or because of small-scale variations 
in its depth and/or character. A growing num- 
ber of regional observations of sharp velocity 
decreases with depth (P-to-S and S-to-P conver- 
sions; multibounce S waves) suggest the latter 
explanation in a variety of tectonic environments, 
such as beneath oceans (8), in hotspot regions 
(9, 10), and in continental regions with thin lith- 
osphere (<110 km) (//—/3). Beneath continental 
interiors, boundaries interpreted to be the base 
of the lid have been imaged using converted, 
reflected, or refracted phases; in many cases 
these dip to greater depths (>200 km) toward 
the continental interior [e.g., (/4)], although the 
sharpness of the associated velocity gradient in 
these locations has not been determined and 
results beneath cratonic interiors can be rela- 
tively complex [e.g., (25, /6)]. Overall, sharp 
discontinuities associated with the tomographi- 
cally defined lithosphere-asthenosphere bounda- 
ry are detected in noncratonic regions, but they 
are not usually imaged beneath thick conti- 
nental interiors. Therefore, although it is often 
assumed that the character of the boundary may 
vary, it has remained a puzzle as to why such a 
fundamental boundary would be so variable in 
its nature. 

Here, we used Ps imaging to resolve the 
shear-wave velocity structure beneath individual 
seismic stations. We considered data in the IRIS 
(Incorporated Research Institutions for Seismol- 
ogy) FARM data set from 1990 to 2004 at sin- 
gle stations. We rotated the recorded wave field 
into its predicted P and S components before 
simultaneously deconvolving and migrating to 
depth (/7) assuming a reference one-dimensional 
velocity model (IASP91). Our results are affected 
to some extent by crustal thicknesses and ratios 
of P-wave to S-wave velocity (Vp/Vs) that do 
not match IASP91, but reasonable variations 
in crustal parameters would change our results 
by <5 km in extreme cases and by <2.5 km 
generally (/8). The same is the case for mantle 
Vp/Vs variations (11). 

Of 745 stations, we focused on 334 with 
large quantities (>50 events) of high-quality 
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(signal-to-noise ratio >5) data. This amount of 
data is required to attain high-resolution imaging 
(.e., clear signals owing to data stacking rather 
than low-pass filtering). We eliminated addi- 
tional locations where deconvolved signals are 
characterized by ringing caused by noise and/or 
shallow discontinuities, and selected 169 stations 
that have relatively simple crustal structure— 


that is, places where the Moho and its two first- 
order reverberations may be easily identified. 
This selection process was important for deter- 
mining whether an observed phase is represent- 
ative of discontinuity structure. An apparent 
phase in our deconvolved waveforms represents 
(i) the reverberation from a discontinuity at 
shallow depths, (11) a side lobe of a crustal phase, 
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Fig. 1. Data examples for each tectonic region, 


after (29). Triangles on the map indicate station 


locations. Tectonic regions: NOUC, oceanic; CHK, Phanerozoic orogenic zones and magmatic belts; FFC, 
Phanerozoic platforms; LBTB, Precambrian shields and platforms. (A to D) Data binned by epicentral 


distance, with positive amplitude plotted in red and 


negative amplitude in blue. (E to H) All data from a 


given station deconvolved in a single bin (blue lines). Thin gray lines indicate 2c error determined by 
bootstrap testing. Red arrows indicate crustal phases. Blue arrows indicate the phase we associate with 


the lithosphere-asthenosphere boundary (LAB). 
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or (iil) a direct conversion from a discontinuity at 
that depth. To evaluate these possibilities, we 
examined data binned by epicentral distance, 
which enables easy detection of crustal reverber- 
ations because they migrate to increasing depth 
with respect to epicentral distance. Once crustal 
phases were identified, we searched for other 
phases that may be associated with disconti- 
nuity structure. We also analyzed data stacked 


40 60 80 


from all distances along predicted Ps moveout 
curves to enhance the visibility of the Ps phases 
that we observed. 

At all stations where crustal phases were rea- 
sonably identifiable, we also found the pres- 
ence of negative phases (i.e., phases opposite in 
polarity to the Ps conversion from the velocity 
increase at the Moho). These phases are not re- 
verberations, because they do not migrate to in- 
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Fig. 2. Global map of the depth to the lithosphere-asthenosphere boundary imaged using Ps. Color 
indicates depth. Triangles show the 169 stations used in this study. Station color corresponds to tectonic 
regionalization, after (19); tectonic regions are colored as follows: black, oceanic; red, Phanerozoic 
orogenic zones and magmatic belts; cyan, Phanerozoic platforms; green, Precambrian shields and 
platforms. Although in (29) oceanic environments are divided into three age groupings, a single oceanic 
bin, encompassing all ages, is used here because sampling of this region is sparse. 


Fig. 3. Comparison of 
Ps-inferred average prop- 
erties of the lithosphere- 
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asthenosphere boundary 20 
and Voigt averaged S-wave 
velocity profiles from the 40 
surface-wave results of (2) 


for different tectonic re- 60 
gions. The surface-wave 


profiles (2) are averaged 80 
tectonically over the en- = 
tire model (dashed line) 490 
and beneath the stations @ 


used in this study (solid 
line). Horizontal lines rep- 
resent average Ps results. 
Short solid vertical lines 
show estimated stan- 
dard errors in average Ps 
depths. Separation be- 
tween horizontal bars and 
vertical bars indicates er- 
rors in the average Ps 
magnitudes. Percentages 
are calculated with re- 
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a tectonic region (19) from left to right: oceanic, Phanerozoic orogenic zones and magmatic belts, 
Phanerozoic platforms, and Precambrian shields and platforms. 
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creasing depth with respect to epicentral distance. 
In addition, the direct conversions and positive- 
polarity reverberations that would be associated 
with negative reverberation phases are not ap- 
parent. Furthermore, inclusion of high frequen- 
cies and consideration of epicentral distance and 
single bin plots indicate that the phases are distinct 
from surrounding phases and do not represent 
side lobes. Therefore, the observed negative phases 
likely represent direct conversions from sharp 
velocity drops at associated depths. 

Our total data set included 14 stations from 
oceanic sites, 123 from Phanerozoic orogenic 
zones and magmatic belts, 14 from Phanerozoic 
platforms, and 18 from Precambrian shields and 
platforms (/9) (Fig. 1). We rated the clarity of 
the waveforms and the certainty of identifying 
the phase of interest at each station, assigning 
ratings from 1 (most obvious) to 5 (most ambig- 
uous) (/8). Restricting the analysis to only the 
higher-quality ratings produced similar results 
to those presented here, but with less complete 
global coverage (fig. S2). At some stations, 
multiple phases that may be associated with 
discontinuities were observed (e.g., Fig. 1B). In 
these cases it is assumed that the deeper phase is 
the phase of interest and the shallower phase 
represents internal lithospheric structure, be- 
cause it is unlikely that there is a velocity drop 
with depth within the sublithospheric mantle. 
Crustal reverberations can impede our ability 
to detect discontinuities at depths of ~100 to 
200 km, depending on the thickness of the 
crust. We did not observe Ps phases related to 
sharp negative discontinuities between 200 and 
410 km. Strong discontinuities between 100 and 
200 km depth cause some degree of interference 
with reverberations, but this type of interference 
pattern was not observed consistently, either 
globally or beneath cratonic environments. 

Depths to the discontinuity exhibited wide 
variation among individual stations, but most 
were between 60 and 110 km. We found a cor- 
relation between the depth of the observed dis- 
continuity and tectonic environment when the 
results were plotted globally and results for lo- 
cations in close proximity were simply averaged 
(Fig. 2). The average depth to the discontinuity in 
each of the tectonic environments increased 
from ocean to craton: 70 + 4 km (oceans), 81 + 
2 km (Phanerozoic orogenic zones and magmatic 
belts), 82 + 6 km (Phanerozoic platforms), and 
95 + 4 km (Precambrian shields and platforms). 
Averages of only the most reliable results (rat- 
ings 1 to 3) were within the estimated errors of 
the results that include all ratings (1 to 5). Our 
sampling of the oceanic lithosphere consisted 
entirely of ocean island stations and therefore 
may not be representative of typical oceanic 
lithosphere. The existence of multiple bounda- 
ries, primarily beneath magmatic/orogenic zones 
in our observations, could be the effect of non- 
coincident dehydration and depletion bounda- 
ries. A similar double boundary was imaged in 
eastern North America (/2). We did not find a 
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correlation between Moho depth and depth to 
this discontinuity. 

The tectonically averaged Ps depths are sim- 
ilar to those of shear-wave velocity profiles from 
a recent surface-wave study (2) (Fig. 3). The Ps 
depths agree with the smooth decreases in surface- 
wave velocity beneath our stations: 70 + 4 km 
versus a gradual decease from 61 to 164 km in 
Oceanic environments, 81 + 2 km versus 55 to 
147 km beneath Phanerozoic orogenic zones and 
magmatic belts, 82 + 6 km versus 46 to 130 km 
beneath Phanerozoic platforms, and 95 + 4 km 
versus 51 to 152 km beneath Precambrian shields 
and platforms (Fig. 3). The surface-wave ve- 
locity drops in Fig. 3 are gradual, occurring over 
~100 km, and a trend of increasing lithospheric 
thickness from ocean to craton is not apparent. 
However, surface waves average what is likely a 
more complicated velocity structure and can be 
relatively insensitive to the depth of the sharpest 
velocity contrast (5), which is the parameter to 
which Ps is sensitive. Our result is in agreement 
with the trend of increasing lithospheric thick- 
ness that is generally observed by global seismic 
results (/—4), although muted in magnitude. 

The velocity contrast estimated for the Ps sig- 
nal (/8) is generally larger than the total drop in 
S-wave velocity from surface-wave studies (Fig. 3). 
The total Ps contrast decreases from 9 + 1% be- 
neath oceanic islands to 6 + 0.3% beneath regions 
that have been tectonically altered to 6 + 1% be- 
neath both Phanerozoic and Precambrian plat- 
forms and shields, versus 2 to 6%, 3 to 4%, and 2 
to 5% for the surface waves, respectively. How- 
ever, strong, sharp contrasts are frequently ob- 
served on a regional scale. For instance, velocity 
drops of 3 to 9.6% over depths of less than 11 km 
at 60 to 110 km have been modeled beneath a 
variety of tectonic environments including fault 
zones, orogenic belts, passive continental mar- 
gins, and oceanic plates (8, //—13, 20). Global 
surface-wave results could be averaging a more 
complex structure consisting of lateral variations 
in the depth or character of this discontinuity, 
sharp negative vertical boundaries that occur 
within more gradual velocity increases with depth, 
or combinations of any or all of these phenomena. 

Boundaries imaged by Ps at high frequency 
are sharp and cannot be explained by thermal 
gradients alone (//, 12); hence, they likely require 
a mechanism such as composition, melting, or 
anisotropy. Beneath continents, a boundary in de- 
pletion can explain velocity contrasts up to ~1.5% 
(21, 22) and a dehydration boundary may pro- 
vide an additional ~4.5% (/8), readily explaining 
the average Ps contrast (6%). Beneath oceans, 
a dehydration boundary may contribute up to 
5.7% (18), slightly less than our observed 9%. 
However, the discrepancy could be caused by 
our sparse and biased sampling in oceanic 
regions (i.e., ocean islands only), a complex at- 
tenuation structure that is averaged by the global 
attenuation models (23) from which these num- 
bers are derived, and/or the general low quality 
of the Ps ocean station results. Alternatively, a 


small amount of partial melting in the astheno- 
sphere (24-26) could easily produce a strong, 
sharp boundary (//) that is consistent with our 
results, although maintaining this amount of 
partial melting may be difficult because of melt 
connectivity. 

Overall, either melting or composition could 
readily account for our observations, and beneath 
oceans and magmatic/orogenic regions, a weak 
asthenosphere at ~70 to 81 km depth seems rea- 
sonable in the context of global and regional 
seismic and geochemical evidence. However, 
beneath cratonic interiors, a weak asthenosphere 
from hydration or melting at ~95 km depth would 
likely induce lithosphere-asthenosphere decoupling, 
eliminating the possibility of a thermal bound- 
ary layer that extends to greater depths beneath 
continents. It is commonly accepted (27-29) that 
such a boundary layer is required to explain seis- 
mic evidence (/—4) that continental regions are 
seismically faster than oceanic regions at ~150 to 
200 km depth. 

One explanation is that the majority of our 
stations located on Precambrian shields and plat- 
forms are not actually sampling cratonic interiors. 
Many stations in the Precambrian shield/platform 
environment are located close to the boundaries 
between tectonic environments. A few stations 
with high-quality results (ratings of 1 to 3) are 
near the centers of cratons. However, in general 
the exact locations of cratonic roots at depth are 
somewhat ambiguous owing to the broad resolu- 
tion of tomographic results. Alternatively, the 
discontinuities illuminated by this study beneath 
continents may represent boundaries in seismic 
anisotropy orientation or strength. Although a 
boundary in frozen-in anisotropy would not nec- 
essarily be associated with the lithosphere- 
asthenosphere boundary, such a feature would 
have implications for the formation and evolution 
of the continents. A sharp change from stronger 
to weaker radial anisotropy (i.e., transverse isot- 
ropy, vertical symmetry axis) with depth would 
produce a Ps phase with the correct polarity to 
explain our observations. Indeed, recent surface- 
wave results (2) indicate a decrease (~3%) in 
radial anisotropy from the Moho to ~125 km 
depth beneath Precambrian shields and _plat- 
forms; this constitutes strong evidence that the 
observed boundary could be related to aniso- 
tropic structure beneath cratons. The strength of 
the anisotropy in this model alone is insuffi- 
cient to explain our observed Ps amplitudes. 
However, as noted above, surface waves likely 
average more complicated structure. 

An anisotropic explanation for our observa- 
tions beneath oceans and magmatic/orogenic 
zones is not as likely. First, decreases in radial 
anisotropy with depth occur at deeper depths 
(>125 km) beneath the remaining tectonic envi- 
ronments in global surface-wave results (2). In 
addition, although sharp variations in anisotropy 
may be preserved in ancient structures in cratons, 
another mechanism (such as hydration or melt) 
would still be required to create sharp variations in 


anisotropy beneath oceans and magmatic/orogenic 
zones. This same logic holds for creating a sharp 
boundary through variations in grain size (//). 

A tectonically varying explanation for our 
globally pervasive Ps observations is not com- 
pletely satisfying. However, in the context of global 
and regional tomography, this is the best expla- 
nation at the present time. Our results beneath 
oceans and Phanerozoic magmatic/orogenic zones 
likely represent a discontinuity in hydration or 
melting, and our results for shields and platforms 
either represent sampling at the edges of cratonic 
interiors or indicate that a sharp mid-lithospheric 
discontinuity in anisotropy is a global feature of 
cratonic roots. 
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Seismic Evidence for Sharp 
Lithosphere-Asthenosphere 
Boundaries of Oceanic Plates 


Hitoshi Kawakatsu,* Prakash Kumar,'t Yasuko Takei, Masanao Shinohara,* 
Toshihiko Kanazawa,’ Eiichiro Araki,” Kiyoshi Suyehiro“ 


The mobility of the lithosphere over a weaker asthenosphere constitutes the essential element of 
plate tectonics, and thus the understanding of the processes at the lithosphere-asthenosphere 
boundary (LAB) is fundamental to understand how our planet works. It is especially so for oceanic 
plates because their relatively simple creation and evolution should enable easy elucidation of the 
LAB. Data from borehole broadband ocean bottom seismometers show that the LAB beneath the 
Pacific and Philippine Sea plates is sharp and age-dependent. The observed large shear wave 
velocity reduction at the LAB requires a partially molten asthenosphere consisting of horizontal 
melt-rich layers embedded in meltless mantle, which accounts for the large viscosity contrast at the 


LAB that facilitates horizontal plate motions. 


ceanic plates are created at mid-oceanic 
()= and spread away as a rigid body 
(lithosphere) to move over a weaker as- 
thenosphere. The age of oceanic plate is recorded 


by the magnetic lineation, and its evolution is 
well explained by thermal cooling of a moving 
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Fig. 1. Location of borehole broadband seismic 
observatory WP1 and the receiver functions. (A) The 
location of WP1 (inverted blue triangle) in the 
Philippine Sea plate. This station is at a depth of 
561 m below seafloor with an ocean water thickness 
of 5710 m (9). (B) Zoomed version of the rectangular 
region around the station. Palau Kyushu Ridge (PKR) 
runs almost in the center of the Philippine Sea plate 
from north to south and divides the plate into two 
distinct geological provinces: PVB, Parece-Vela 
basin (15 to 27 My), and WPB, Western Philippine 
basin (33 to 49 My). Crosses in yellow and red are 
the piercing points for P-to-S and S-to-P converted 
waves, respectively, at 70 km depth falling in the 
WPB, whereas black crosses are the piercing points 
for S-to-P conversion falling mostly in the PVB. (C) 
Stacked radial P-RFs and S-RFs from WP1 for WPB 
and PVB. Red and blue colors indicate positive and 
negative values of RFs, respectively. Only S-to-P 
piercing points sample the PVB because of the 


larger S-wave slowness. Converted signals from Moho and LAB are clearly visible, and WPB 
shows the consistent structure with both P-to-S and S-to-P converted phases. ‘ 


plate. The bottom ofan oceanic plate was thought 
to correspond to the top of the seismically ob- 
served low-velocity layer around a depth of 50 
to 100 km, possibly indicating the presence of 
partially molten mantle rocks (/), and the 
thickening of oceanic plates with the age has 
been confirmed by using low-resolution surface 
waves (2). An alternative is that the oceanic lith- 
osphere is hardened by water extraction at the 
mid-oceanic ridges (3, 4), and once the litho- 
sphere is created it does not evolve nor thicken. 
In this case, the observed age dependence is 
solely a thermal effect. This view predicts that 
the seismic lithosphere-asthenosphere boundary 
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(LAB) signal should be small [~1 to 2% velocity 
reduction (3)]. 

We detected the bottom of oceanic plates be- 
neath the normal ocean by using high-resolution 
body waves observed by the borehole broad- 
band ocean bottom seismometry. A LAB has 
been observed beneath continents (5, 6). Attempts 
to observe the oceanic LAB by using long-period 
body waves that traverse long distance in the 
mantle suffers from the large spatial averaging 
and the contamination from highly heteroge- 
neous structure at the bottom of the mantle. 
Data beneath normal oceans have been lacking 
because of the lack of high-quality ocean bot- 
tom broadband seismic observatories. Under 
the Japanese Ocean Hemisphere network Project 
(OHP) (7), ocean bottom broadband seismic 
observatories were deployed, and two borehole 
stations, WP1 and WP2, were operated for a 
few years in the Philippine Sea and the Pacific 
Ocean, respectively (Figs. 1 and 2) (S—/0). We 
applied P- and S-receiver function (RF) tech- 
niques to the teleseismic data (5, //—13). The RF 
technique uses compression-to-shear (P-to-S, 
P-RF) and shear-to-compression (S-to-P, S-RF) 
converted seismic waves to detect sharp veloc- 
ity changes beneath stations. The S-RF method 
is especially powerful for detecting signatures 
like LAB at depths between 50 and 200 km, 
for which strong signal-generated interfering 
phases are present in the P-RF method (5, /3). 
Because the seismological observatories were 
situated at a depth of ~500 m below the ocean 
floor and below ~5-km-thick water column, we 
also had to properly estimate the effect of water 
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reverberations. Systematic modeling using syn- 
thetic waveforms show that S-RF is also an ef- 
fective tool for such a case, whereas P-RF can 
be significantly disturbed by the presence of 
the ocean (/0). 

The results of RFs of two observatories 
show consistent findings (Figs. 1 to 3). The 
analyses reveal at least two prominent discon- 
tinuities present in the first 10 s of RFs (roughly 
corresponding to depths of 0 to 100 km be- 
neath the station), one with positive polarity 
corresponding to the oceanic Moho, followed 
by a negative discontinuity, which we interpret 
as the LAB. Crustal phases in both regions 
are observed at a delay time of ~1 s, correspond- 


ing to 7- to 8-km-thick oceanic crusts that are 
close to the regionally determined estimates 
based on active seismic data (9) and to the 
global average. 

The station WP1 in the central Philippine Sea 
is located near the Palau Kyushu Ridge (PKR), 
and observed S-RFs are grouped into two 
depending on the location relative to PKR of 
the piercing points of the LAB signals (Fig. 1B). 
The prominent phases corresponding to LAB 
occur at ~7.5 s (76 + 1.8 km, 1 SE) for both P-RF 
and S-RF for piercing points located directly 
beneath the station, which is situated in the west 
of PKR with a plate age of ~49 million years 
(My). The same LAB phase was observed ~2 s 


earlier (~55 km LAB) for S-RF of eastern pierc- 
ing points where the plate age is ~25 My. For 
WP2 in the northwestern Pacific ocean where 
the plate age is ~129 My, the data quality is 
slightly lower (/0), but we still observe similar 
LAB phases at ~7—8 s for both P-RF and S-RF. 
The waveform modeling gives the best esti- 
mate for LAB depth of 82 + 4.4 km (Fig. 3C). 
A deep LAB is also observed for the old Pa- 
cific plate beneath northeast Japan, where the 
highest quality seismic data are available from 
Japanese high-sensitivity seismograph network 
(Hi-net) to allow detailed imaging of subduct- 
ing plate (/4). The imaged thickness of the lith- 
osphere is ~80 km (Fig. 2A) (/5). Because the 


Fig. 2. RFs for WP2 and RF image of subducting Pacific plate 
beneath northeast Japan. In the topographic map, the inverted 
red triangle indicates the location of WP2, which is deployed at 
a depth of 460 m below the seafloor with a water column of 
5566 m thick. (A) P-RF image along the profile XY using dense 
land seismic data of Hi-net from Japan (20). Red and blue 
colors indicate velocity increase (from shallow to deep) and 
decrease at the point, respectively. The top surface of the slab 
and the oceanic Moho are clearly imaged, as well as the bottom 
surface of the slab (i.e., subducting LAB). (B) P-RF and S-RF for 
WP2. Negative phases associated with a shear wave velocity 
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age of subducting plate there is estimate to be 
~130 My, the depth of 80 km for the LAB is 
consistent with that from the WP2 data. 

The relative thickness of oceanic plates es- 
timated above is consistent with the thermally 
controlled origin for the oceanic LAB (Fig. 4A), 
but the observation in short-period waves (~3 s) 
indicates that the LAB is a sharp boundary (the 
transition thickness of less than ~10 to 15 km) 
and thus has chemical or fabric origin. This 
apparent age dependence and the large LAB 
signal preclude the water-extraction model for 
the origin of oceanic LAB (3). One possibility 
to explain these features is partial melting in 
the asthenosphere. The depth of the initiation 
of the partial melting is estimated on the basis 
of the solubility of water in aluminous ortho- 
pyroxene component of mantle rocks (/6—/8). 
Although the fit is not perfect, this kind of 
model is capable of reproducing the basic trend 
in data (Fig. 4A). 

Waveform modeling given in Fig. 3 indicates 
that the shear wave velocity is reduced at the 
LAB by ~7 to 8%. For a texturally equilibrated 
partially molten region, this translates into the 
melt fraction of ~3.5 to 4.0% (/9), which is one 
order of magnitude larger than the commonly 
accepted amount of melt at mid-oceanic ridges 
(20) and may be unrealistically high. Therefore, 
some additional mechanism other than the con- 


Fig. 4. Age dependence of observed LAB depths and a model for LAB and as- 
thenosphere. (A) Observed LAB depths are plotted as a function of the plate age (red 
triangles; 1 indicates PVB; 2, WPB; 3, WP2; and 4, northeast Japan) over the 
isotherms given in a 200° intervals (blue lines) (28). Red line indicates the top of 
partial melting region calculated on the basis of the model of Mierdel et al. defined 
by the water solubility of 1000 parts per million H2O (26). (B) A schematic il- 
lustration for the LAB and the asthenosphere. A schematic model for a S-wave 
seismic velocity structure of a radial anisotropy is superposed. (C) Viscosity (n) versus 
S-wave velocity (Vs) contrasts at LAB predicted from models of wet asthenosphere 
(bule) and partially molten asthenosphere (red), with seismological and geo- 
dynamical requirements (shaded) (30). Subscript 0 denotes lithospheric values. In 
the partially molten asthenosphere model, horizontal melt-rich layers are embedded 


in meltless mantle with various layer fractions from f = 1 (homogeneous) to f = 
0.001. For f = 1 (homogeneous), melt has equilibrium geometry with variable melt fraction . For f < 1 (layered), 6 in layers is close to the disaggregation melt 
fraction 6,, and contiguity @ of grain-to-grain contact is small and variable [p = 1 means melt-free and @ = 0 means disaggregation (19, 25)]. Average @ in 


ventional view of the partially molten astheno- 
sphere is required. 

Recent experimental and theoretical studies 
demonstrate that deformation can segregate 
melt into bands (2/, 22). On the basis of these 
results, we propose a model of partially molten 
asthenosphere consisting of horizontal melt-rich 
layers embedded in melt-less mantle (Fig. 4B). 
Such layered melt efficiently reduces vertically 
propagating shear wave velocities (23) and ex- 
plains well the strong LAB signals reported 
here and elsewhere (6), as well as other prop- 
erties expected for the asthenosphere. Figure 
4C shows the velocity and viscosity contrasts 
at LAB predicted for a model of wet astheno- 
sphere (blue), a conventional model of homo- 
geneous partially molten asthenosphere (red 
line with layer fraction f= 1), and the present 
model of layered asthenosphere (red lines with 
f< 1). The strong seismological signals and a 
large viscosity contrast of >10° at LAB (24) 
can be explained quantitatively by the layered 
model, whereas the other two models cannot. 
The combination of both seismological and geo- 
dynamical constraints at the LAB (shaded) in- 
dicates that the melt-rich layers make up less 
than 5% by volume of the mantle here and that 
the melt fraction is close to the disaggregation 
melt fraction, o., over which the partially molten 
rock loses grain-to-grain contacts (contiguity) 


and hence loses rigidity. Small but nonzero con- 
tiguity of the grains causing small rigidity of 
layers is important for the converted phases to 
be detectable. For o, = 0.25 and f = 0.05 to 
0.01, the average melt fraction in the astheno- 
sphere is 1.25 to 0.25%, which is consistent 
with the petrological expectation (20). We de- 
scribe the internal structure of the layers by 
grain-scale contiguity so that granular models 
developed recently to predict both elasticity 
and viscosity (19, 25) can be applied. However, 
the obtained small rigidity of the layers might 
imply kinks and/or jogs, which may develop at 
much larger scales than grain size. 

The layered model qualitatively explains 
other characteristics expected for the astheno- 
sphere, such as radial anisotropy (transverse 
isotropy with a radial symmetry axis) inferred 
from long-period surface waves (26), high elec- 
trical conductivity (27), and high attenuation. 
The depth extent of this low-velocity astheno- 
sphere is estimated to be ~210 km beneath WP2 
on the basis of the travel-time analysis of WP2 
data (9). Considering that LABs (5), the radial 
anisotropic layer (28), and the partially mol- 
ten region (/6) are all observed to be deeper 
(~200 km) beneath stable continents, the pro- 
posed model may be applicable to the conti- 
nental asthenosphere to be an universal model 
for the asthenosphere. 
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Subducting Slab Ultra-Slow Velocity 
Layer Coincident with Silent 
Earthquakes in Southern Mexico 


Teh-Ru Alex Song,?* Donald V. Helmberger,? Michael R. Brudzinski,? Robert W. Clayton,” 
Paul Davis,* Xyoli Pérez-Campos,” Shri K. Singh? 


Great earthquakes have repeatedly occurred on the plate interface in a few shallow-dipping 
subduction zones where the subducting and overriding plates are strongly locked. Silent 
earthquakes (or slow slip events) were recently discovered at the down-dip extension of the locked 
zone and interact with the earthquake cycle. Here, we show that locally observed converted SP 
arrivals and teleseismic underside reflections that sample the top of the subducting plate in 
southern Mexico reveal that the ultra-slow velocity layer (USL) varies spatially (3 to 5 kilometers, 
with an S-wave velocity of ~2.0 to 2.7 kilometers per second). Most slow slip patches coincide with 
the presence of the USL, and they are bounded by the absence of the USL. The extent of the USL 
delineates the zone of transitional frictional behavior. 


ilent earthquakes, or episodic slow slip 
events (SSEs), and nonvolcanic tremor 
have been observed in a few shallow sub- 
duction zones such as Cascadia (/—3), southwest 
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Japan (4-6), and southern Mexico (7—/5). In 
general, most slow slip and tremor activities 
take place at the transition zone down-dip of 
the strong coupling section, where great thrust 
earthquakes occur. In southern Mexico, the Cocos 
plate is subducting underneath the North Amer- 
ica plate, where the slab is almost flat near 
Guerrero (/6) and is at a low angle near Oaxaca 
(Fig. 1) (17). SSEs with moment magnitudes 
M,, of ~7 to 7.5 occur every | to 2 years (Fig. 1) 
(7-11, 18, 19). However, the locations of SSEs 
vary along-strike, extending about 150 km in- 
land from the Guerrero coast (7—/0, 18) but are 
limited to within 100 km near Oaxaca (Fig. 1) 
(11, 15). In addition, nonvolcanic tremor (NVT) 
concentrates near the down-dip end of the slow- 
slip zone (12-/4). This along-strike variation 
in the location of SSEs and NVT can be com- 


pared with the seismic structure of the subduct- 
ing plate to investigate if the location variation 
is structurally controlled. We examined locally 
converted SP waves from intraslab earthquakes 
to map out the seismic structure at the top of the 
subducting slab beneath southern Mexico (20). 

SP waves start as shear waves radiated from 
intraslab earthquakes and convert to P waves at 
the sharp velocity contrast on the plate interface. 
They are particularly useful for examining a slab 
structure directly above the source (Fig. 2A) (2/). 
The SP wave typically arrives 2 to 3 s after the 
direct P wave, depending on the depth of an 
earthquake (20). In this study, we model the first 
7 s of the broadband P waveforms (0.01 to 
0.6 Hz) to explain the interference between the 
direct P wave and the SP wave, which ultimately 
provides a high-resolution map of the upper slab 
structure (20). Our data include two moderate 
intraslab events recorded by the temporary Meso- 
American Subduction Experiment (MASE) (/7) 
and 40 intraslab events from 1990 to 2008 [body 
wave magnitude (M,) = 4.5 ~ 6.0] recorded by 
the permanent GEOSCOPE station UNM (Fig. 
1 and fig. S1). 

As an example, we display P waveforms 
recorded at station PTRP and station SAME 
farther to the north to illustrate how the waveform 
changes with position (Fig. 2B). The timing of 
the first negative pulse (pulse A) after the direct 
P wave is consistent with an SP arrival, but its 
amplitude is anomalously large at station PTRP. 
We can model the SP wave that was converted 
from the bottom of an ultra-slow velocity layer 
(USL; 3 km and a S-wave velocity (V,) of ~2.7 
km/s] directly above the source region. The 
pulse with a positive polarity (pulse B) imme- 
diately following the pulse A is an SP arrival 
converted from the top of the USL. A series of 
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synthetic tests demonstrate that the amplitude 
of pulse A and pulse B and their relative tim- 
ing are primarily determined by the S wave 
velocity and the thickness of the USL (fig. $2). 
However, the interpretation of the pulse C, 
which arrived about 1.5 s after the direct P 
wave, is less obvious (Fig. 2B). Synthetic tests 
demonstrate that introducing a low velocity 
layer [LVL; 22 km and a P-wave velocity (V,) 
of ~7.5 km/s] directly below the USL can re- 
produce a turning P wave from the bottom of 
the LVL with correct timing and amplitude 
(Fig. 2B). The amplitude of the pulse C in- 
creases with the velocity contrast between the 
LVL and the underlying fast slab, whereas its 
timing is controlled by the separation between 
the source and the lower boundary of the LVL 
(fig. S2). In this report, we focus on the USL 
and its lateral variation. 

About 30 events were recorded by station 
UNM that display waveforms similar to those 
recorded by station PTRP above (Fig. 1), dem- 
onstrating a similar slab structure above the 
various sources. We can reproduce the charac- 
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teristics of these waveforms and their varia- 
bility by moving the source location to match 
the differential behavior between the P wave 
and converted SP arrival (fig. $3). Our best- 
fitting model consists of a thin USL of ~3 to 
5 km and shear velocity of about 2.0 to 2.7 km/s. 
The contrast in S wave velocity across the bot- 
tom of the USL is about 26 to 40%. In general, 
the data are well-explained (Fig. 1 and figs. $4 
to $5). 

Broadband waveforms from the other 13 
events are similar [Fig. 1, black waveforms (far 
right) and white circles] but have much smaller 
SP arrivals. These data do not require the prom- 
inent USL described above (fig. S6). How- 
ever, the amplitude of SP arrivals, particularly 
for pulse A, from events such as 13 and 21 are 
smaller than that of the 28 events but slightly 
larger than that of other events near Oaxaca. 
These data suggest that seismic velocity near 
the top of the slab varies both parallel and nor- 
mal to the trench (Fig. 1). Cases without the 
USL are all farther inland than cases with the 
USL. Furthermore, the MASE data from an 
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event located beneath west Guerrero display a 
systematic decrease in SP amplitude toward 
the north (Fig. 1, top left inset) over distances 
of <10 km. On the basis of these observations, 
it is clear that the USL is confined to within 
150 km of the coast in Guerrero. Data from 
events such as 1, 2, 4, 5, and 7 near Oaxaca do 
not reveal the USL, suggesting that it extends 
probably no more than 100 km from the coast 
near Oaxaca. 

If the spatial variation in the presence of 
the USL is reasonably constrained by the local 
SP arrival, our model should be able to ex- 
plain other independent data from these same 
events. In particular, by stacking teleseismic P 
waves recorded by the Yellowknife array, we 
can identify the depth phases such as pP and 
sP (Fig. 3A and fig. S7). The prominence of 
the depth phase sP is favorable to further search 
for the underside reflection (sus_P) from the 
USL (Fig. 3B). Indeed, an additional strong phase 
arrived about 3.5 to 4 s after the first P wave 
of event 27. Its timing and amplitude are con- 
sistent with the sys_P from the USL. Variations 
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Fig. 1. Mapping of the USL beneath southern Mexico. The top right inset 
shows the regional tectonic setting where the Cocos plate (CO) is subducting 
beneath the North America plate (NA). RA, Rivera plate; PA, Pacific plate. 
The red line delineates the plate boundary. The enlarged map shows geo- 
physical observables and seismic sampling. Shown is the nearly flat portion 
of the slab beneath the Guerrero province (26). P wave displacement data 
(0.01 to 0.6 Hz) recorded on the vertical component of the GEOSCOPE 
station UNM are displayed on the far right. Data associated with blue circles 
(blue traces) are characterized by a large converted SP wave arriving about 2 
to 3 s after the first P wave, whereas data associated with white circles (black 


traces) are without such a strong negative pulse. Data associated with light 
green circles are with a converted SP arrival but are less strong. The spatial 
extent of the USL (blue circles) coincides with the location of large slow slip 
patches (green contours) and interseismic coupling (blue contours) (28). NVT 
occurs along the transition from blue circles to white circles where electric 
resistivity is relatively high (~ 200 ohm m) in the overriding plate (indicated 
by the red segments in the two-dimensional magnetotelluric lines (dark blue 
lines across Guerrero and Oaxaca) (26). Abrupt decrease in the amplitude of 
the SP arrival from stations ARBO to PSIQ (top left panel) also indicates the 
north limit of the USL (solid rectangle). 
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Fig. 2. The complexity of the anomalous waveform corresponding to blue circles (Fig. 1) can 
4 ~ be explained by introducing a strong USL. (A) Schematic diagram displaying the ray path of 
the up-going SP arrival and the down-going turning P wave. (B) Modeling P wave displacement 

at station PTRP (left) and SAME (right). Pulse A is an SP converted arrival from the bottom of 

the USL; pulse B is an SP converted arrival from the top of the USL; pulse C is possibly a 
0 Distance (km) 225 turning P wave from the boundary of a LVL (inset). Synthetics from a simple slab (dV, = 6%) do 
not reproduce the data. With the presence of the USL (3 km, dV, = —40%), the synthetics 


explain the pulse A and pulse B at station PTRP. But data recorded at station SAME to the north do not require the USL, and we can model it as a hydrated 
oceanic crust with dV; = —20%. We assume dlnV./dlnV, = 2 in the USL and LVL. X is the coefficient of cross-correlation between data and synthetics. 
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Fig. 3. Modeling of the teleseismic waveforms verifies the USL. 


| 
(A) Schematic diagram showing near-source ray paths fora = DATA I 
down-going direct P wave, free-surface reflection pP wave, sP _— (event 9 
wave, and Sys.P from the USL. (B) Summary traces from the P 
array stacks from event 4 (no USL), event 9 (near-edge), and sms YW fw —vr—v\\o 
event 27 (USL) recorded by the Yellowknife short-period array | 
(Fig. 1 and fig. $7), and local P waveforms for these events are : 


on the right. All traces are normalized by the amplitude of the 


sP arrival. Underside reflections include reflection from P wave 5 0 5 10 15 20 25 
to P wave and reflection from S wave to P wave to form the tT 
extended P wave-trains. Here, we focus the sys,P mode because -Tp [sec] 


of its large amplitude. syP is the underside reflection from the continental consistent with the amplitude of the local SP wave. (C) Predictions match the 
Moho arriving 7 to 9 s after the P wave, but it is not prominent. Data from amplitude of the sy ,P from event 9 when the USL has half the velocity 
event 27 beneath west Guerrero show the largest sys:P relative to sP, whereas _— reduction needed to model event 27. Synthetics computed from the model 
the amplitude of the sys,P decreases toward the east. This observation is without the USL explain the data from event 4. 
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in the amplitude of the teleseismic syg_P are 
consistent with the amplitude of the local con- 
verted SP wave from the same intraslab events 
(Fig. 3B). Our model, which was derived from 
modeling local converted SP waves, can rea- 
sonably predict these teleseismic sys P, their 
along-strike variations, and teleseismic syus_S 
(Fig. 3C and fig. S8). Moreover, teleseismic 
receiver function analysis directly beneath the 
MASE line (/6) also reveals strong evidence 
of an uneven but continuous LVL extending 
to the southern end of the Trans-Mexican Vol- 
canic Belt (TMVB) and is generally consistent 
with the USL sampled by the regional SP waves 
near the array. A relatively weak receiver func- 
tion pulse from 130 to 170 km from the coast 
(16) is also consistent with weaker SP waves 
(Fig. 1, green circles). Complexities do exist near 
event 13, possibly because of lateral varia- 
tions in the down-dip extent of the USL near 
the MASE array. 

The S-wave velocity of the USL (2.0 to 
2.7 km/s) is 30 to 54% slower than that of the 
hydrated ocean crust at the depth of 25 to 50 km, 
which is typically in the 3.8 to 4.4 km/s range 
(22). The S' wave velocity across the bottom of 
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the USL (~26 to 40%) also exceeds the velocity 
contrast predicted for hydrated oceanic crust and 
oceanic mantle (22). Although partial melting of 
oceanic crust can drastically decrease S wave 
velocity, thermal modeling of the slab (23, 24) 
suggested that temperatures probably are too low. 
Alternatively, the USL may represent the oceanic 
crust (or part of the oceanic crust) that is fluid- 
saturated, forming a high pore-fluid pressure 
layer (HPFP) with a porosity (0) of ~2 to 3.5% 
and aspect ratio o. of ~0.01 (25). These estimates 
are consistent with local electric resistivity of 
~200 ohm m in the overriding plate that was 
obtained from magnetotelluric studies in south- 
em Mexico (26). 

We find that the spatial extent of the HPFP 
layer coincides well with the region close to the 
coast near Guerrero, where slow slip is well doc- 
umented and the sampling of the slab is denser. 
Both seem to be located in a region bounded by 
the 350 and 450°C isotherms predicted for the 
plate interface (23, 24), where there is interseis- 
mic coupling (7, 75, 18). The HPFP layer could 
potentially extend farther up-dip than observed 
before the plate interface reaches temperatures of 
>350°C. Most NVT locations are concentrated in 
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Fig. 4. A schematic cross section of the slab geometry along with observations that were used to make 
the interpretation. Dotted lines indicate the slab isotherm. The various panels include variations in the 
location of great earthquakes, interseismic coupling, SSEs, NVT, electric conductivity, seismic velocity, and 
inferred permeability (20). Blue drops indicate the presence of fluids, and x's indicate NVT cavities. 
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the upper plate north of where the prominent 
HPFP layer occurs at the plate interface and 
where electric conductivity in the upper plate is 
relatively high (Fig. 1). Although the sampling of 
the slab near Oaxaca is sparse, we find similar 
relations there, supporting a direct spatial corre- 
lation of the HPFP layer and SSEs with NVT and 
high conductivity again to the north. Examining 
all of the events between 99°W and 102°W 
with evidence for the USL (Fig. 1), events 35, 
37, 22, and 34 clearly show the HPFP layer is 
present during the SSEs (Fig. | and fig. S9). 
Although these events primarily occur west of 
the slow slip contour in Fig. 1, the western ex- 
tent of slow slip is not well known. Further- 
more, the HPFP layer also exists during the 
inter-SSE period (fig. $9), indicating that the 
HPFP layer is persistent over at least the 20 years 
of our data. 

Our interpretation (Fig. 4) is that a transition 
zone at shallow depths on the plate interface lies 
below the region where interseismic coupling is 
strong. It is partially coupled during the inter- 
seismic period, resulting in episodic slow slip at 
the down-dip end of the seismogenic zone at 
regions with temperatures ranging from 350 to 
450°C (24). NVT sources concentrate near the 
down-dip end of the transition zone around 
450°C, where blueschist-eclogite dehydration 
reactions are predicted to occur at depths near 
40 to 50 km (22). Fluid released from this re- 
action could percolate into the overriding plate, 
produce observed high electric conductivity, 
and probably trigger the NVT. Fluids appear to 
be trapped up-dip in a HPFP layer and it is 
probably controlled by material-dependent per- 
meability and fluid generation processes near 
the interface (20). The spatial extent of the HPFP 
layer provides a natural explanation for the oc- 
currence of SSEs and NVT because it would 
be expected to greatly reduce the effective nor- 
mal stress on the plate interface, promoting epi- 
sodic slow slip (27) and the dynamic triggering 
of tremors (28). 
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"CH, Measurements in Greenland Ice: 
Investigating Last Glacial Termination 


CH, Sources 
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The cause of a large increase of atmospheric methane concentration during the Younger 
Dryas—Preboreal abrupt climatic transition (~11,600 years ago) has been the subject of much 
debate. The carbon-14 (*4C) content of methane (74CH,) should distinguish between wetland and 
clathrate contributions to this increase. We present measurements of *“CH, in glacial ice, targeting 
this transition, performed by using ice samples obtained from an ablation site in west Greenland. 
Measured **CH, values were higher than predicted under any scenario. Sample **CH, appears to 
be elevated by direct cosmogenic *“C production in ice. “4C of CO was measured to better 
understand this process and correct the sample ““CHy. Corrected results suggest that wetland 
sources were likely responsible for the majority of the Younger Dryas—Preboreal CH, rise. 


arctica show large and rapid variations in 

atmospheric methane (CH,4) concentrations 
({CH4]) in response to climate change (/). One 
such rapid [CH4] increase occurred at the Youn- 
ger Dryas (YD)-Preboreal (PB) [~11,600 years 
before present (B.P.), in which 0 B.P. = 1950 A.D.] 
abrupt warming event during the last degla- 
ciation (Fig. 1). The causes of these rapid [CH4] 
fluctuations have been the subject of intense 
debate. Several modeling studies suggest that 
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glacial-interglacial changes in the atmospheric 
concentration of OH radicals (the main CH, 
sink) were small (2, 3). It is thus likely that the 
observed rapid [CH] increases were driven 
mostly by increases in CH, sources. 

Several hypotheses regarding such sources 
have been proposed, including increased emis- 
sions from wetlands (4), marine clathrates (5, 6), 
and, more recently, thermokarst lakes (7). The 
possibility of CH, clathrate reservoir instability 
in response to climatic warming is particularly 
troubling in the light of present anthropogenic 
warming. If only 10% of CH, from the mod- 
ern clathrate reservoir (which has ~5000 Pg of 
C) were to be released to the atmosphere in a few 
years, the radiative forcing would be equivalent 
to a 10-fold increase in [CO ] (8). 

In an attempt to better understand past changes 
in the CH, budget, two records of carbon-13/ 
carbon-12 ratio (8'°C) (9, 10) and one record of 
deuterium/hydrogen ratio (6D) (//) of CH, from 
ice cores spanning the last glacial termination 
have recently been produced. Unfortunately, 
5'°CH, of many major CH, sources is similar 
(72), imperfectly known (/3), and influenced by 
climatic conditions (/4), limiting the utility of 


5'°CH, for testing different hypotheses for the 
rapid [CH4] increases. 5D of CH, is a more 
promising tracer for this purpose, because the 5D 
of clathrate CH, is much higher than that of 
wetland emissions (//). The Greenland Ice Sheet 
Project 2 (GISP2) ice core record (Fig. 1) showed 
no significant change in 6D of CH, through the 
YD-PB transition, which is evidence against ma- 
jor clathrate involvement (//). 

The best tracer for distinguishing between the 
clathrate and wetland hypotheses is arguably CH: 
The ultimate source of C for wetland-produced 
CH, is essentially contemporaneous atmospheric 
CO, (/5). If wetlands were the only source of the 
rapid [CH,] rise, there should be either no change 
or an increase in “CH, after the abrupt warming 
event. In contrast, CH, clathrates are geologically 
old and contain little or no measurable '“C (/6). 
If clathrates were the only source of the [CH,] 
rise, '‘CH, over the transition would decrease 
(Fig. 1). In addition, paleoatmospheric '4CH, 
measurements should allow for straightforward 
quantification of the strength of the geologic CH, 
source, which may be an important term in the 
global CH, budget (/7). 

We used a surface outcrop named Pakitsoq on 
the west Greenland ice margin (/S—20) to obtain 
~1000-kg-sized glacial ice samples containing 
ancient air from the YD-PB transition and yield- 
ing ~ 20 yg of CHy carbon per sample for '*C 
measurements. Air was melt-extracted from sam- 
ple ice in the field (20, 2/). We dated the sampled 
ice and occluded air using a combination of 5'°N 
of No, 8'°O of O2, 8'O of ice (5'*O;cc), and 
[CH,] measurements (2/), which uniquely iden- 
tified the age of the sampled section. Sample CH, 
was separated from bulk air by means of com- 
bustion to CO, on platinized quartz wool followed 
by cryogenic trapping (20, 22). CH4-derived 
CO, was converted to graphite and measured 
for '4C by means of accelerator mass spectrom- 
etry (20, 22). 

‘SCH, results are presented in Fig. 1 and 
table S1. Surprisingly, all values are higher than 
MC of contemporaneous CO; that is, above the 
highest expected paleoatmospheric '*CHy. Pro- 
cedural '4C contamination was shown through ex- 
tensive testing to be very small (<3% of sample 
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'4C content) and has been corrected for (22). 
Therefore, at least one other mechanism must 
exist that elevates '4CH, in Pakitsog ice. 

[CH,] in Pakitsoq samples from the YD- 
PB transition agrees within uncertainties with 
expected values based on the GISP2 [CH] 
record (table S1) (27). The mechanism that ele- 
vates sample '*CH, must therefore do so with- 
out significantly affecting sample [CH]. We 
carefully considered the following possibil- 
ities (20): (i) biological CH, production from 
CO, or methylphosphonate in the ice [ruled 
out because the substrate '4C is insufficiently 
high (table S3)], (ii) cosmogenic '4CH, produc- 
tion in the deglacial atmosphere (ruled out for 
not having been observed today), (ii) addition 
of C from '4C-rich CO during sample air 
processing (ruled out through testing), (tv) CH 
production from '4C-rich CO during air ex- 
traction from ice (an unlikely reaction under 
extraction conditions), and (v) biological CH4 
production directly from '4C-rich CO in the 
ice (unlikely because it is an unknown reac- 
tion pathway with an insufficient '4C yield). 
We found that the only feasible mechanism is 
in situ cosmogenic production of '*CH, mol- 
ecules in the ice. 


PB 


Transition 


Cosmogenic production of '*C in glacial 
ice by way of neutron-induced spallation of 
‘© atoms is well known, although all of the 
produced '*C has been thought to form '*CO 
or 4CO, (23). However, laboratory experiments 
in which water or ice were subjected to inten- 
sive irradiation by protons to produce hot ''C 
atoms or by energetic '4C* or '4CO* beams 
found that a small fraction of the hot C atoms 
formed CH,; other simple organics were also 
formed (24, 25). This suggests the hypothesis 
that a small amount of '4CHy, is also formed in 
natural ice via hot-atom chemistry after the nu- 
clear reactions. 

To better understand cosmogenic '“C produc- 
tion in Pakitsog ice, we measured '“C of CO in 
remaining sample air (20). We found values in 
the range of 2 to 9 '4CO molecules per gram of 
ice from cosmogenic production for most sam- 
ples (table S4). Although considerable uncertain- 
ties exist regarding cosmogenic '*CO production 
rates in ice, our results agree well with theoret- 
ical calculations of ablation-zone cosmogenic 
'SCO production at Pakitsoq (20). We therefore 
applied a correction to sample ‘CH, to ac- 
count for cosmogenic production in the abla- 
tion zone (20). The correction uses a model to 


YD 


REPO 


predict the total amount of cosmogenic 'C 
produced in the ablation zone for each sample, 
which depends mainly on sample depth below 
the surface. The correction also assumes that the 
fraction of cosmogenic '4C that forms '*CHy is 
the same for all samples. This allows for precise 
estimates of the ratios of cosmogenic SCH, con- 
tent between different samples (the uncertain 
parameters in the model affect the absolute 
values but not the ratios). The absolute mag- 
nitude of this correction is then adjusted so that 
the corrected '4CH, value for the YD sample 
average falls on the wetland/clathrate hypoth- 
esis line in Fig. 1. Individual corrected absolute 
‘SCH, values are thus meaningless, but this ap- 
proach allows meaningful comparisons between 
samples. 

Although the applied correction represents 
the most likely scenario according to available 
evidence, it is imperfectly understood and there- 
fore somewhat speculative. Corrected '*CHy val- 
ues within each pair of replicate samples are 
still in agreement within '‘C measurement un- 
certainties [for age-corrected A'4C values, the 
average offset between replicates is 38 per 
mil (%o) versus an average measurement uncer- 
tainty of 44%o (table S1)]. This is consistent 
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+ -200 Sample and GISP2 (2) [CH,] have been corrected for gas dissolution during air 
melt-extraction (20). GISP2 5D of CH, is from (17). All records are plotted on 
= the gas age scale for GISP2, as in (10). Horizontal error bars represent the 
fo) maximum possible range of air ages included in the samples (table $1). 
= -80 ; j SMOW, standard mean ocean water; ppb, parts per billion mole fraction. 
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with the applied corrections accurately repre- 
senting the real processes that elevated sample 
“CH. 

Corrected '4CH, results with their propa- 
gated uncertainties are presented in Fig. 1 and 
table S1. For the assessment of possible clath- 
rate contribution to the [CH4] increase, it is 
useful to consider the changes in “CH, during 
the YD-PB transition in terms of the implied 
changes in the strength of the fossil ('*C-free) 
CH, source (AQfossi1) (Table 1). The calcula- 
tion of AQgossi1 is dependent on the initial 
Ofossi) Value assumed for the YD. The cor- 
rected results presented in Fig. 1 assumed a 
QOfossit Of zero for YD for simplicity. However, 
there is now evidence for substantial 'C-free 
geologic CH, emissions (26). We used the at- 
mospheric 8'*CH, record from Greenland ice 
(10) to estimate the maximum YD geologic 
CH, source at 50 Tg/year (20) and included 
a scenario with a Of,.<;; of 50 Tg/year for the 
YD in Table 1. 

Considering these end-member scenarios, 
the full suggested range of possible AQjossi) be- 
tween the intervals represented by YD and tran- 
sition samples is 4 to + 7 Tg/year (as compared 
with a 38 Tg/year total CH, source increase). 
This argues against a substantial involvement 
of clathrate or other geologic CH, in the first 
half of the YD-PB transition and is consistent 
with evidence from 6D (//). The results sug- 
gest a AQfossi1 Of +7 to +30 Tg/year (as com- 
pared with a 64 Tg/year total CH, source 
increase) for the full YD-PB transition, point- 
ing to wetland CH, emissions with contem- 
poraneous '#CHy, as the likely main source of 
the YD-PB [CH,] rise. For the YD Qgosgi = 50 
Tg/year scenario, the results further suggest 
that most of the fossil source increase took 
place in the later part of the transition. This 
scenario implies that wetland sources respond 
to the warming quickly, whereas '“C-depleted 
sources have a time lag of at least ~100 years, 
which is consistent with estimated minimum 


response times for thermokarst lake (20) and 
clathrate emissions (8, 20). 

The +7 to +30 Tg/year increase in Ofossi1 SUE- 
gested by the '4CH, results for the full YD-PB 
transition can be explained by either thermokarst 
lake or clathrate/geologic CH, emissions, or some 
combination of the two, as follows. Measured 
thermokarst lake emissions today have a mean 
ACH, of ~—740%o (27). If we assume the same 
overall A'4CH, for thermokarst lake emissions 
for the PB (20) and a maximum YD-PB thermo- 
karst lake emission rate increase of ~15 Tg/year 
(7), then thermokarst lakes can explain a AQgossi 
of up to 12 Tg/year (20). 

The YD-PB record of 6D of CH, (//) can 
be used to illustrate some possible constraints 
on the magnitude of clathrate/geologic contri- 
butions to the CH, rise. 65D of CH, in natural 
gas is very similar to the estimated clathrate 
value [-189 + 27%o (/1)], whereas 6D of wet- 
land CH, is around —320 + 20%o (9, //). Re- 
sults of a simple one-box model and isotopic 
mass balance calculations (20) show that for 
the case of zero Ofossii for the YD, the 5D record 
allows for only 1 Tg/year of clathrate/geologic 
emissions in the PB. However, if a Ossi of 
50 Tg/year is assumed for the YD, then a YD- 
PB increase of up to 28 Tg/year of clathrate/ 
geologic emissions is possible. These limits de- 
crease if we assume that all of the fossil source 
increase is due to marine clathrates (rather than 
a combination of marine clathrate and terres- 
trial geologic sources, for example) (20). This 
is because CH, released from marine clathrates 
is partially oxidized in the sediments and the 
water column, resulting in even higher 5D val- 
ues for clathrate-derived CH, released to the 
atmosphere (28). 

Tn summary, our 4CH, results, although some- 
what uncertain because of the applied correc- 
tion for cosmogenic '4C, suggest that wetlands 
were the likely main driver of the YD-PB 
[CH,] increase and that clathrates did not play 
a large role. This is in agreement with findings 


Table 1. Inferred changes in the total CH, source (Qjota)) and the fossil CH, source (Qjo<.i) during the 
YD-PB transition. Qtotat for the YD is as in (2); Q;ota for the transition and PB was calculated based on 
the YD value and the average sample [CH,] and assuming no changes in the CH, atmospheric lifetime. 
Qrossit for the YD was assumed to be either zero (third column) or 50 Tg/year (fourth column); for other 


intervals it was calculated as 


Ofossit = total X (2 = 


14 
CHasa mple ) 
MC Hawetland 


4 CHawetlana is the expected value for wetland CH, emissions, set equal to contemporaneous “CO, (29). 
Calculations were made with the corrected **CH, results, averages of replicate samples, in pMC units 
and decay-corrected for the sample age. For the case of YD Qfossi, = 50 Tg/year, the cosmogenic ™C 
corrections were recalculated accordingly for all samples. 


Intervals compared 


Younger Dryas (141 Tg/yr) > transition 
Transition > Preboreal 
Younger Dryas > Preboreal 


AQtota AQtossiv AQtossiy 

Tg/year Tg/year* Tg/yeart 
+38 —4—45 -3—+7 
+26 +2 — +22 +12 -— +33 
+64 +7 — +18 +18 — +30 


*Assuming Qfossit = 0 Tg/year for YD; 1 o range. 
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tAssuming Qyossit = 50 Tg/year for YD; 1 o range. 


from previous ice core CH, isotopic studies 
(10, 11). 
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Tuning the Activation Threshold 
of a Kinase Network by Nested 


Feedback Loops 


Quincey A. Justman,”’** Zach Serber,?+ James E. Ferrell Jr.,> Hana El-Samad,*¢ Kevan M. Shokat”+ 


Determining proper responsiveness to incoming signals is fundamental to all biological systems. 
We demonstrate that intracellular signaling nodes can tune a signaling network's response 
threshold away from the basal median effective concentration established by ligand-receptor 
interactions. Focusing on the bistable kinase network that governs progesterone-induced 

meiotic entry in Xenopus oocytes, we characterized glycogen synthase kinase—3B (GSK-38) as a 
dampener of progesterone responsiveness. GSK-3B engages the meiotic kinase network through a 
double-negative feedback loop; this specific feedback architecture raises the progesterone 
threshold in correspondence with the strength of double-negative signaling. We also identified a 
marker of nutritional status, t-leucine, which lowers the progesterone threshold, indicating 

that oocytes integrate additional signals into their cell-fate decisions by modulating 


progesterone responsiveness. 


jo respond to environmental cues appro- 
| priately, biological systems establish pre- 
cise response thresholds. It is unclear 
how metazoan signal transduction networks 
exert control over sensitivity because stimulus 
and response are separated in space and time: 
Rapid receipt of the signal often occurs extra- 
cellularly, whereas downstream responses oc- 
cur on longer time scales and require cellwide 
coordination. 
Maturation of Xenopus oocytes, the irre- 
versible, progesterone-induced resumption of 
meiosis I (/, 2), provides a classic example of a 


Immature 


p42MAPK 
GSk-3p y 
Cdk1+ 


MEK1 
cyclinB oh; 


Prog.——» mos Mos 
translation 


Interphase M-phase 


Fig. 1. GSK-38 dampens oocytes’ progesterone responsiveness. (A) Overview 
of signal transduction during Xenopus oocyte maturation. Prog. indicates 
progesterone. Kinases with previously demonstrated systems-level roles are indicated 
in black; direct biochemical connections are designated by black arrows. 


cell-fate decision with a well-defined thresh- 
old: Oocytes treated with a sufficient concen- 
tration of progesterone undergo maturation, 
whereas those treated with a lower concen- 
tration do not. Suprathreshold progesterone 
stimulus up-regulates the translation and grad- 
ual accumulation of the protein kinase Mos 
through a largely unidentified pathway. Mos is 
the essential initiator of meiosis (3); it signals 
through the mitogen-activated protein kinase 
(MAPK) cascade (composed of Mos, the MAPK 
kinase MEK1, and p42 MAPK) and promotes 
the activation of the cyclin-dependent kinase 1 


REPORTS 


(Cdk1)ecyclin B complex (Fig. 1A). Nonlinearity 
in the relationship between Mos concentration 
and MAPK activation conveys switchlike char- 
acter to the decision to mature (4). In mature, 
M-phase cells, high Mos concentrations are 
maintained by continual Mos translation. Mos 
translation, in turn, is critically dependent on 
the activities of Mos, MEK, MAPK, and Cdk1, 
forming a positive feedback loop (5). The net 
effect of this nonlinearity and positive feedback 
is to enforce a stable separation of interphase 
and M phase at steady state. Thus, Xenopus oocyte 
maturation is bistable (4, 5). An oocyte crosses 
its progesterone threshold when Mos concen- 
trations are sufficient to initiate M-phase pos- 
itive feedback, hours after the signal is received 
at the cell surface. We explain how oocytes spec- 
ify the progesterone concentration that initiates 
M-phase entry. 

Depending on environmental factors and a 
frog’s physiology, the dose of hormone required 
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Accumulation of Mos, phosphorylation of p42MAPK (Tyr*), and de- p 
phosphorylation of Cdk1 (Tyr*) are biochemical markers for M phase. The mature 


oocyte displays germinal vesicle breakdown (GVBD), a morphological marker for 
M phase. (B) The structure of 7AIPM, a GSK-38 inhibitor. (C) Progesterone dose 
responses conducted in the presence of 7AIPM (pink and red) or the solvent 
dimethylsulfoxide (DMSO, gray and black). The cell-fate decisions of individual 
oocytes were observed at steady state. Results from three independent, paired (+ 
or —7AIPM) dose responses are plotted, representing 2221 oocytes scored 


individually (error bars represent SE). For non-normalized dose responses see (8). 
(Inset) Composite progesterone dose responses from the three independent experiments shown in (C). For DMSO-treated oocytes (gray and black), ECs9 = 1.00 (normalized) 
and ny = 2.3. For 7AIPM-treated oocytes (pink and red), ECs = 0.43 (normalized to DMSO control) and n, = 2.3. (D) Representative single-oocyte Western blots. Each lane 
contains lysate prepared from one oocyte at steady state. 


o@@ Expt. 2 
vv Expt. 3 


Log(multiple of control progesterone EC; 9) 


DMSO M 


+7AIPM 


“‘Boud wuosz 


www.sciencemag.org SCIENCE VOL 324 24 APRIL 2009 


REPORTS 


to induce ovulation can vary. We reasoned that, 
although receptor number and ligand affinity 
establish a basal median effective concentra- 
tion (ECs9) for the system, specific intracellular 
kinases might tune the oocytes’ progesterone 
thresholds. Progesterone-dependent inactivation 
of glycogen synthase kinase-38 (GSK-3B) (by 
phosphorylation on Ser’) is an obligatory step 
in determining the cell-fate of the oocyte. Over- 
expression of GSK-38 can prevent progesterone- 
induced translation of Mos (6), and it uncoupled 
MAPK and Cdk! activation, rendering M-phase 
entry incomplete (fig. S1). Because it regu- 
lates the transition between interphase and M 
phase, we tested whether GSK-38 also regu- 
lates the progesterone threshold of Xenopus 
oocytes. We measured progesterone dose re- 


sponses in the presence and absence of 7- 
azaindolyl-pyrazinyl-maleimide (7AIPM), a 
specific GSK-38 inhibitor (7) (Fig. 1B), and ob- 
served that constant inhibition of GSK-3B doubled 
the system’s responsiveness to progesterone 
(Fig. 1C and fig. S2) (8). Single-cell experiments 
indicated that maturation retained its all-or-none, 
irreversible character in 7AIPM-treated oocytes 
(Fig. 1D and fig. S3), suggesting that GSK-3B 
dampens overall progesterone responsiveness 
by raising the thresholds of individual oocytes. 
The 7AIPM treatment brought the oocytes’ in 
vitro ECs9 closer to the low nM progesterone 
concentrations measured in intact Xenopus ova- 
ries (9, 10). 

We envisioned two possible threshold regu- 
lation mechanisms that center on two negative reg- 


ulatory connections placed in series. First, GSK-3B 
could dampen interphase signaling until GSK-3B 
is inactivated by progesterone-dependent sig- 
naling in a feed-forward manner, before mei- 
otic entry (Fig. 2A, top). Alternatively, M-phase 
feedback could inactivate GSK-3B and relieve 
its repression of Mos translation as the meiotic 
switch activates (Fig. 2A, bottom). To verify that 
these mechanisms can raise a bistable system’s 
threshold, we modeled them mathematically and 
mimicked 7AIPM treatment by setting GSK-3B 
activity to zero (//). This analysis revealed that 
both mechanisms provide a general solution 
for dampening a system’s responsiveness (Fig. 
2A, far right). In an analytical treatment, we 
proved mathematically that a raised threshold 
is a structural feature of bistable systems con- 


Fig. 2. GSK-38 inactivation is an M-phase event. (A) Feed-forward 
versus feedback models for GSK-3B—dependent progesterone de- 
sensitization, relating the activity of GSK-3B (G) to interphase (I) and 
M-phase (M) signaling. Relative signal strength (i.e, the amount of 
downstream, promeiosis signal per unit of progesterone) is indicated by 
the thickness of the gray and pink arrows. The pink arrow designates 
the threshold-regulation step. (Right) The black curve models the input 
dose-response curve of the native bistable system; the red curve models 
the response after 7AIPM treatment. (B) Time course of phospho- 
regulation and Mos accumulation during maturation. Average 
phospho-MAPK, phospho-GSK-38, and total Mos were quantified by 
Western blotting (error bars are +SD, n = approximately 24 oocytes per 
time point). At 9.5 hours, GVBD was 100%. (C) Single-oocyte Western 
blots at intermediate progesterone. Lysates were prepared from 
individual oocytes at steady state, then Western blotted. Lanes were 
assigned by cell morphology (+ indicates GVBD was observed; —, GVBD 
was not observed); lane lines are included for clarity. (D) MEK inhibition 
before progesterone stimulus. Lysate was prepared from individual 
oocytes at steady state. (Left) Phospho—GSK-38 signal quantitated by 
closed-circuit device (CCD) camera. Dots represent signal from single 
oocytes; lines indicate population average. PD98059 pretreatment 
reduces average GSK-3B Ser’ phosphorylation significantly (P < 
0.0001, Student's ¢ test). (Right) Phospho-MAPK and phospho-GSK in 
representative single oocytes. Phospho-MAPK is a direct readout of MEK 
activity and M-phase entry. DMSO pretreatment: 71.2% M_ phase; 
PD98059 pretreatment: 10.9% M phase. Total n = 48 (DMSO) and 46 
(PD98059). (E) Phospho—GSK-38 and phospho-MAPK in oocytes 
microinjected with Mos or nondegradable cyclin B1 (A90). Oocytes 
were lysed individually after GVBD; lysates were run on the same gel 
and Western blotted on a single blot. Microinjected oocytes were not 
stimulated with progesterone. 
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Fig. 3. M-phase GSK-3B inactivation is switchlike, MEK-dependent, and irre- 
versible. (A and B). Phosphorylation of GSK-3 in single oocytes. Phospho—GSK- 
3B within each oocyte was scored by Western blot (A) then quantitated by CCD 
camera [(B), top, red]. Lanes indicated by “+” were treated with 1.5 1M pro- 
gesterone. Dots represent the phospho—GSK-3B signal from individual oocytes; 
lines indicate the oocyte population’s average phospho—GSK-38 signal. The 
single-cell quantitation of MAPK phosphorylation is included for reference [(B), 
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bottom, blue]. (C and D) Progesterone removal. After GVBD, oocytes were 
washed extensively over 18 hours then lysed individually. Phospho—GSK-38 
was scored by Western blot [(C), a representative oocyte, total n = 23]. In 
(D), PD98059 was added during the washout period. PD98059 treatment 
during M-phase arrest reduces average GSK-3B Ser? phosphorylation sig- 
nificantly (P < 0.0001, Student's f test). DMSO treatment: 86.4% M phase; 
PD98059 treatment: 4.2% M phase. 
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Fig. 4. Integration of progesterone and Leu signaling. (A) Progesterone 
dose responses of oocytes incubated in the presence of Leu (blue) or its 
absence (gray and black). The cell-fate decisions of individual oocytes were 
observed at steady state. Results plotted represent 1290 oocytes scored 
individually (error bars represent SE). For control (gray and black), ECs9 = 
1.00 (normalized) and n, = 3.2. For Leu-treated oocytes (blue), ECs = 
0.57 (normalized to control) and ny = 3.1. (B) Representative single-cell 
Western blots reveal response of individual oocytes to progesterone at 
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steady state, + or —Leu. (C) Combined treatment with Leu and 7AIPM. 
Oocytes were treated with DMSO (n = 91), Leu (n = 92), 7ZAIPM (n = 89), or 
Leu plus 7AIPM (n = 89) before progesterone stimulus. Cell-fate decisions 
were scored at steady state. Error bars represent SE. Pairwise comparisons 
were made to the DMSO control (black asterisks) and the +Leu+7AIPM 
treatment (blue asterisks), *P < 0.05; ***P < 0.0001; “N.S.D” indicates no 
significant difference (Student's t tests). More stringent x’ analysis reveals 
that all values are statistically different except 7AIPM and 7AIPM+Leu. 
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taining two negative regulatory connections placed 
in series; this is not dependent on parameter choice 
(fig. $8) (8). 

To distinguish between these threshold regu- 
lation mechanisms, we experimentally defined 
GSK-3’s position in the progesterone-responsive 
signaling network relative to M-phase entry. Un- 
like most kinases, phosphorylation of GSK-3B 
on Ser? inhibits its activity; this occurs through 
pseudo-substrate inhibition (12). We conducted 
a time course of phospho-GSK-38 accumula- 
tion at high progesterone concentration and 
found that maximum GSK-38 phosphorylation 
occurred during M phase (Fig. 2B) (73). Accord- 
ingly, phosphorylation of GSK-38 correlated 
precisely with the decision to enter M phase in 
individual progesterone-stimulated oocytes (Fig. 
2C). To determine whether M-phase signaling 
is necessary for phosphorylation of GSK-3B, we 
initiated maturation in the presence of PD98059, 
a specific MEK inhibitor. PD98059 treatment 
significantly reduced the population’s average 
amount of phospho-GSK-38 (Fig. 2D, left); single- 
oocyte analysis revealed a precise correlation be- 
tween MEK inhibition, very low amounts of 
phospho-GSK-38, and failure of most cells to 
enter M phase (Fig. 2D, right). To verify that 
GSK-3B is not inactivated by progesterone- 
dependent interphase signals, we initiated meiosis 
in the absence of progesterone by microinject- 
ing oocytes with Mos or nondegradable cyclin 
B1 (A90). In the microinjected cells, phospho- 
MAPK confirmed meiotic entry, and phospho- 
rylation of GSK-38 was indistinguishable from 
progesterone-treated controls (Fig. 2E), suggest- 
ing that signals originating within the M-phase 
feedback loop are sufficient to inactivate GSK-38. 
Given these data, we hypothesized that GSK-3B 
regulates oocytes’ progesterone responsiveness 
by participating in M-phase network itself. 

We tested whether phosphorylation of 
GSK-3B mirrors the hallmark characteristics of 
MAPK activation during Xenopus oocyte mat- 
uration: nonlinear progesterone dependence and 
hysteresis (4, 5). In equivalently stimulated 
cells, phosphorylation of GSK-3B on Ser? was 
either nearly undetectable or maximal at steady 
state (Fig. 3, A and B top). No intermediate 
responses were observed in single cells, dem- 
onstrating that GSK-38 phosphorylation is 
ultrasensitive with respect to progesterone con- 
centration. In mature oocytes, positive, Mos- 
dependent feedback is sufficiently strong to 
maintain meiotic commitment after progesterone 
is removed (5). If GSK-3 inactivation relies on 
the same M-phase feedback, GSK-3B’s phospho- 
regulation should display the same extreme 
hysteresis. We observed that phosphorylation of 
GSK-38 was sustained at its maximum 18 hours 
after removal of progesterone (Fig. 3C). More- 
over, this hysteresis depended on the activity of 
MEK: When PD98059 was added as progester- 
one was removed, phosphorylation of GSK-3B 
was significantly reduced (Fig. 3D). In total, our 
data show that induction and maintenance of 


GSK-38 inactivation requires feedback through 
the meiotic kinase network. GSK-3 also dis- 
plays the same bistable behavior observed in 
MAPK and Cdk1. Taken together, these results 
define GSK-3B as a node in a MEK-dependent, 
double-negative feedback loop that is likely 
driven by the bistable, positive feedback within 
M-phase oocytes. These results provide experi- 
mental verification of our feedback regulation 
mechanism (Fig. 2A, bottom images). 

GSK-3B—dependent desensitization might 
allow a cell to integrate several signals, an im- 
possibility if it were maximally responsive to 
progesterone alone. The branched-chain amino 
acid L-leucine (Leu), a nutritional marker, regu- 
lates translation through kinases that require 
inhibition of GSK-38 for activity (14, 75). To 
test whether Leu-dependent signals can be in- 
tegrated into oocytes’ decision to mature, we 
conducted progesterone dose-responses in the 
presence and absence of extracellular Leu. 
Although Leu does not alter oocytes’ baseline 
response at low progesterone concentrations 
(Fig. 4A), Leu lowered the oocytes’ progester- 
one threshold, demonstrating cooperation be- 
tween nutritional signals and cell-cycle entry 
(Fig. 4, A and B). If Leu signaling and GSK-3f 
form a common pathway during maturation, 
simultaneous treatment with Leu and 7AIPM 
would have no greater effect on progesterone 
threshold than either 7AIPM or Leu alone. 
However, if nutrient signaling was mediated 
through a GSK-3B-independent pathway, the 
two stimuli would have an additive or syner- 
gistic effect. We observed that the effect of Leu 
and 7AIPM together on progesterone respon- 
siveness was statistically indistinguishable from 
that of 7AIPM alone (Fig. 4C), suggesting that 
GSK-38 regulation is a point of signal integration 
during Xenopus oocyte maturation. 

Much attention has focused on the ubiq- 
uity of simple dynamical motifs in biological 
systems (/6—23). Here, we demonstrate that 
layering apparently redundant motifs (posi- 
tive feedback and double-negative feedback) 
tunes a bistable system’s response threshold. 
This illustrates a remarkable separation of func- 
tions in bistable systems: Input ECso is reg- 
ulated by relationships that are not strictly 
input-dependent. A striking number of biolog- 
ical networks contain nested feedback loops 
(17-19, 21), suggesting that this may be a 
general mechanism for modulating biological 
responsiveness. If multiple stimuli act on com- 
ponents of linked feedback loops, cells may 
tune their responsiveness to respond appropri- 
ately to their environment. 
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Catalytic Core of a Membrane-Associated 
Eukaryotic Polyphosphate Polymerase 
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Paul O. Hassa,? Andreas Uttenweiler,*+ Monique Reinhardt,? Andrea Schmidt,? Jeanette Seiler,* 
Andreas G. Ladurner,? Christian Herrmann,’ Klaus Scheffzek,?+ Andreas Mayer™” 


Polyphosphate (polyP) occurs ubiquitously in cells, but its functions are poorly understood and its synthesis has 
only been characterized in bacteria. Using x-ray crystallography, we identified a eukaryotic polyphosphate 
polymerase within the membrane-integral vacuolar transporter chaperone (VTC) complex. A 2.6 angstrom 
crystal structure of the catalytic domain grown in the presence of adenosine triphosphate (ATP) reveals polyP 
winding through a tunnel-shaped pocket. Nucleotide- and phosphate-bound structures suggest that the 
enzyme functions by metal-assisted cleavage of the ATP y-phosphate, which is then in-line transferred to an 
acceptor phosphate to form polyP chains. Mutational analysis of the transmembrane domain indicates that VIC 
may integrate cytoplasmic polymer synthesis with polyP membrane translocation. Identification of the polyP- 
synthesizing enzyme opens the way to determine the functions of polyP in lower eukaryotes. 


tively (see supporting online material) (tables S1 
and $2). The structures are similar (root mean 
square deviation ~ 1.7 A between 241 correspond- 


life forms. In prokaryotes, polyP is a store of 

phosphate and energy and augments stress 
responses (/). In eukaryotes, polyP also acts in 
phosphate transport between mycorrhizal fungi 
and symbiotic plants (2), in osmoregulation (3), 
and in bone calcification (4). Large quantities of 
plankton-generated polyP form marine sediments 
(5). PolyP kinase generates bacterial polyP (6), 
but in eukaryotes this enzyme has only been 
reported in slime mold (7). Genetic screens in 
yeast yielded =250 alternative candidates whose 
deletion decreases cellular polyP (8, 9), but the 
identity of the polyP-synthesizing enzyme has 
remained elusive. Among the candidates is the 
yeast vacuolar transporter chaperone (VTC) com- 
plex, a membrane protein assembly whose dele- 
tion reduces polyP accumulation (8) but also 
affects membrane transport and vesicular traffic 
(10-12). We have used x-ray crystallography to 


[it polyphosphate (polyP) occurs in all 


identify a polyP polymerase in VTC. B & 

Four Saccharomyces cerevisiae Vtc proteins ¢$ @ & aR ¢ 
form hetero-oligomeric complexes (8, /0, 12). es & ri ru a 
Vtclp is a small transmembrane protein. Vtc2p, & ¥ & & ~ 

ory Y¥ 


3p, and 4p contain the transmembrane domain 
and additional large and sequence-related cyto- 
plasmic segments (/3). Within these segments, 
we proteolytically defined 35-kD-sized domains. 
We determined the 2.1 A crystal structure of the 
fragment Vtc2p'**>* and the 2.6 A structure of 
Vic4p* (Vtc4p'*?*8°) in the presence of LizSO4 
or adenosine triphosphate (ATP)—MnCh, respec- 
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ing C,, atoms) and structurally related to the RNA 
triphosphatase Cet1p (/4). Like Cetlp, they com- 
prise a tunnel-shaped domain formed by antipar- 
allel 6 strands (fig. S1A) with the tunnel walls 
lined by conserved basic residues. Vte2p'**>> and 
Cetlp both have a sulfate coordinated in the tunnel 
center (fig. S1B). In the case of Cetlp, the sulfate 
mimics the y-phosphate of nucleoside triphos- 
phates (/4), which Cetlp hydrolyzes in the pres- 
ence of Mn" (15). The Vtc4p* structure contained 
a long chain of electron density winding through 
the tunnel domain (Fig. 1A), which suggests that 
this module had generated phosphate polymers 
from ATP during dialysis or crystallization. Dif- 
ference density in our structure accounts for 29 
phosphate units that are bound by two neighbor- 
ing molecules in the asymmetric unit (fig. S2A). 
Consistently, Vtc4p*-synthesized polyP can be de- 
tected in solution (Fig. 1B). Vtc4p* generates polyP 
from ATP in a phosphotransfer reaction releas- 
ing adenosine diphosphate (ADP) (Fig. 1C) (/6). 
Our results define Vtc4p* as a polyP-synthesizing 
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Fig. 1. Vtc4p* is a polyP polymerase. (A) Ribbon diagram of Vtc4p* with the phosphate polymer (in bonds 
representation) and an omit electron difference density map contoured at 4.5 o included. The helical plug is 
shown in magenta. Mapping of the electrostatic potential [in kBT/e; as output by program GRASP (24)] on 
the surface of Vtc4p* highlights the basic tunnel center and the negatively charged polymer (B) Urea 
polyacrylamide gel electrophoresis of polyP generated by Vtc4p* from ATP and in the presence of Mn?* ions. 
(C) High-performance liquid chromatography (HPLC) analysis of nucleotide products in the polymerization 
reaction. (Top) Elution profile showing the retention times for different nucleotides. (Bottom) HPLC analysis 
after incubating 30 1M Vtc4p* with 200 uM ATP for O (black line), 15 (blue), 45 (green), and 90 min (red). 
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Fig. 2. Unusual modes of nucleotide and metal cofactor binding in 
Vtc4p*. (A) Close-up view of Vtc4p* tunnel center bound to AppNHp (in 
bonds representation) and Mn* (gray sphere). The sugar and base 
portions were modeled stereochemically. The pentavalent coordination of 
Mn2* is distorted square-based pyramidal. A phased anomalous differ- 
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ence map calculated from data collected at the Mn K edge and contoured 
at 15 o is shown in green. (B) Isothermal titration calorimetry of wild-type 
Vtc4p* versus ATP, together with table summaries for the binding constants 
for different ligands and Vtc4p* mutants (versus ATP). Shown are experi- 
mental values + fitting errors. 
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Fig. 3. Structural views of the Vtc4p* polymerase cycle. (A) Structure of 
Vtc4p* bound to orthophosphate. Coordinating residues are shown, along 
with the catalytic Lys*?® (marked with an arrow) to facilitate comparison. 
(B) Structure of the AppNHp-Mn2* complex. The Mn2* ion is shown as a 
gray sphere; the position of the orthophosphate has been inferred from 
(A). (C) Rotated view of Vtc4p* bound to PP;. One PP; occupies the 
nucleotide binding site mimicking ADP; a second molecule occupies the 


acceptor pocket. (D) Close-up view of the polyP exit tunnel. (E) ATP 
turnover analyzed by HPLC at 30 uM Vtc4p* and 1 mM Mn?* (filled 
circles), 1 mM additional PP; (open circles), or 10 mM EDTA (squares). (F) 
ATP turnover rates for various Vtc4p* mutants at 30 uM. (G) Cellular 
polyP content for Vtc4p point mutants expressed under the control of 
their native promoter in yeast BY4742 Avtc4. Error bars represent the 
standard deviation derived from three independent measurements. 
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enzyme, an activity that rationalizes the loss of 
vacuolar polyP in yeast vic4 deletion strains (8) and 
the concomitant increase in cellular ATP (9). 

We located the substrate binding site in the 
structure of Vtc4p* crystallized in the presence of 
the substrate analog adenosine-5'-[(B, y)-imido] 
triphosphate (AppNHp) and MnCl). Difference 
electron density accounts for the Mn?*-bound 
triphosphate moiety of AppNHp, which is coor- 
dinated by seven conserved basic residues and a 
tyrosine in the tunnel center (Fig. 2A, and fig. 
S3A). The nucleoside moiety appears disordered. 
We can define the directionality of the nucleotide 
by the topology of the tunnel domain that is 
closed by a helical segment on one end (Fig. 1A) 
(17). To validate the unusual substrate binding 
mode, we quantified interaction of Vtc4p* with 
different nucleotides by isothermal titration calo- 
rimetry. Vtc4p* tightly interacts with ATP, as 
well as with other nucleoside triphosphates 
[dissociation constant (Ky) ranging from 0.3 to 
2 uM], with a 1:1 stoichiometry and high binding 
enthalpy (Fig. 2B). Vtc4p* does not discriminate 
ATP and its 2’-deoxy form, but the absence of a 
y-phosphate substantially weakens the interac- 
tion (Fig. 2B). Mutation of Arg” or Arg?®, 
which contact the ATP o- and B-phosphates, to 
alanine decreases nucleotide binding (by a factor 
of 2.5 to 4) (Fig. 2B) and Vtc4p activity (Fig. 3, F 
and G). Their simultaneous mutation substantial- 
ly impairs binding (by a factor of 20) (Fig. 2B) 
and inactivates Vtc4p* (Fig. 3F). Consistent with 
these observations, our structure reveals extensive 
protein contacts only with the triphosphate moiety 
of the nucleotide substrate (Fig. 2A). 

ATP turnover is impaired in the presence of 
EDTA (Fig. 3E), which indicates that Vtc4p* 


GFP- 
Vic3p 


activity requires bivalent cations. There is mod- 
erate metal ion specificity with Mn** > Zn?* > 
Co** > Mg** > Fe** > Ni?* (fig. $4). The 
nucleotide a-, B- and y-phosphates coordinate the 
Mn?*, which in turn makes a bidentate interaction 
with Glu”? (F ig. 2A). Mutation of Glu”? reduces 
ATP tumover and polyP synthesis (Fig. 3, F and 
G). Mn”" coordination in Vtc4p* differs from the 
previously reported octahedral binding geometry 
in Cetlp and other tunnel enzymes (/4, /8) (fig. S4). 

We next addressed the catalytic mechanism 
employed by Vtc4p. A structure of Vtc4p* crys- 
tallized from Na‘/K* phosphate reveals an ortho- 
phosphate (P;) bound close to the nucleotide binding 
site (Fig. 3A). Superposition with the AppNHp- 
bound structure shows the phosphate in this “‘ac- 
ceptor pocket” in a binding geometry compatible 
with an in-line transfer of the ATP y-phosphate in 
a nucleophilic displacement reaction (Fig. 3B). 
Consistently, we found that ATP turnover can be 
stimulated by “priming” the reaction with either 
orthophosphate (by a factor of 3 at 10 mM P;) or 
pyrophosphate (by a factor of 90 at 1 mM PP;) 
(Fig. 3E and fig. S5). ATP cleavage is supported 
by Mn*" that is positioned over the terminal scis- 
sile phosphoanhydride (Fig. 2A). Mutation of 
Lys** originating from the “helical plug” and di- 
rectly facing the y-phosphate impairs ATP turnover 
(Fig. 3, B and F), which suggests a role in catalysis. 

To further validate the key position of the ac- 
ceptor phosphate, we solved the structure of Vtc4p* 
cocrystallized with PP;. The structure reveals dif- 
ference density peaks in the substrate binding pock- 
et and in the acceptor pocket. It may thus mimic 
Vtc4p* after the first round of ATP cleavage 
(Fig. 3C). Lys”°° contacts the y-phosphate of 
AppNHp (Fig. 3B) and the transferred phosphate 


B 


polyP content [% of Vtc1 WT] 


Fig. 4. Phosphate-dependent sub- 
cellular distribution of Vtc2p or 3p 
subcomplexes. (A) GFP-Vtc2p or 
GFP-Vtc3p integrated into strain 
BY4742 was expressed under the 


control of an ADH promoter. Logarithmically growing cells were transferred for 2 hours to phosphate- 
depleted yeast extract, peptone, and dextrose medium (YPD) replenished with 0 (-P;) or 5 mM (+P;) 
Na-phosphate pH 5.5 and analyzed by spinning disc microscopy. Nucleus (N), vacuole (V), and 
peripheral (P) concentrations are labeled. (B) Point mutations in the Vtc1p transmembrane domain 
impact cellular polyP levels. Vtc1 mutants were expressed under the control of the vtc1 promoter 
from pRS304 plasmids integrated into the TRP1 locus of BY4727 vtc1::HIS. 
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in the acceptor pocket (Fig. 3C). Mutation of this 
residue to alanine reduces polyP formation and 
substantially enhances ATP turnover (Fig. 3, F 
and G), seemingly uncoupling these steps. 

The substrate-bound structures suggest that the 
polyP complex (Fig. 1A) represents a product- 
bound state in the polymerization process where 
polyP occupies the entire tunnel domain, including 
the substrate binding and acceptor pockets (fig. 
S2B). This structure defines a path along which 
polyP may be transported. Several conserved basic 
residues align like bristles, guiding the polymer 
away from the active site (Fig. 3D). Notably, the 
tunnel domain in Vtc4p* presents itself more closed 
in the nucleotide-bound state, when compared with 
the P;-bound structure (fig. S2C). We speculate that 
substrate binding and polyP transport in Vtc4p* 
may be driven by similar conformational changes. 

We next investigated Vtc4p-catalyzed polyP 
formation in vivo. Yeast vic4 deletion strains lack 
the entire vacuolar polyP pool (8) (Fig. 3G). 
Point mutations in the full-length Vtc4 protein 
that correspond to those found essential for 
Vtc4p* function in vitro (R264A, R266A, 
K281A, E426A, and K458L) (Fig. 3F) cannot 
complement this deficiency (Fig. 3G). In media 
with limiting phosphate concentration, where the 
internal polyP store is used, these point mutants 
also arrested growth clearly faster than wild-type 
cells (fig. S3B). Thus, VTC accounts for most of 
the polyP synthesis in yeast, and the catalytic ac- 
tivity resides in the tunnel domain of Vtc4p. 

In fungi, polyP accumulates in the vacuole and 
in the extracellular space (19). Correspondingly, 
we detected two VTC subcomplexes composed 
of Vtc1/2/4p or of Vtcl/3/4p (fig. S6). Vtc2p and 
3p are catalytically impaired and appear to be 
accessory subunits in VTC (fig. S7). We studied 
green fluorescent protein (GFP)-tagged Vtc2p 
and 3p in yeast cells by microscopy. GFP-Vtc3p 
predominantly stains vacuoles on P;-rich media 
as well as under low P; conditions (Fig. 4A). In 
contrast, GFP-Vtc2p is only partially on vacuoles 
but mainly around the nucleus and at the cell 
periphery along the plasma membrane, where it 
is highly enriched in patches. Upon transfer of 
cells to low-phosphate medium, these patches dis- 
appear and GFP-Vtc2p concentrates on vacuoles 
(Fig. 4A), perhaps to maximize synthesis of the 
vacuolar polyP store that buffers fluctuations in 
exogenous phosphate (20). We assume that the 
peripheral VTC pool may generate extracellular 
polyP (/9). At both membranes, the catalytic tunnel 
domain in VTC faces the cytoplasm (/3), and thus 
the polymer must pass the membrane. Notably, all 
Vtcs share related transmembrane domains that 
contain conserved basic residues. Vic] point mu- 
tations targeting these residues drastically reduce 
cellular polyP levels (Fig. 4B and fig. $8), while 
leaving VTC complexes stable and correctly sorted 
(fig. S6). We thus speculate that Vtc trans- 
membrane domains participate in the transport of 
polyP across the membrane. Phosphate polymer- 
ization and membrane translocation would thus be 
orchestrated functions of VTC. Purification and 
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biochemical reconstitution of the entire VTC com- 
plex will be necessary to test this hypothesis. 

Our identification of a eukaryotic polyP poly- 
merase now allows investigating polyphosphate 
metabolism in fungi such as Laccaria (21) (fig. 
S9) that deliver polyP to the roots of their plant 
hosts, in diatoms such as Thalassiosira (22) (fig. 
S9), whose polyP pools form marine sediments (5), 
and in parasites where VTC is essential for osmo- 
regulation (23). Because the VTC complex appears 
not to be conserved in animals or plants, another 
class of enzymes remains to be discovered that cata- 
lyzes phosphate polymerization in these organisms. 


References and Notes 

1. M. R. Brown, A. Kornberg, Trends Biochem. Sci. 33, 284 
(2008). 

2. H. Javot, N. Pumplin, M. J. Harrison, Plant Cell Environ. 
30, 310 (2007). 

3. R. Docampo, W. de Souza, K. Miranda, P. Rohloff, 
S. N. Moreno, Nat. Rev. Microbiol. 3, 251 (2005). 

4. S.J. Omelon, M. D. Grynpas, Chem. Rev. 108, 4694 
(2008). 

5. J. Diaz et al., Science 320, 652 (2008). 

6. K. Ahn, A. Kornberg, J. Biol. Chem. 265, 11734 
(1990). 

7. H. Zhang, M. R. Gomez-Garcia, M. R. Brown, A. Kornberg, 
Proc. Natl. Acad. Sci. U.S.A. 102, 2731 (2005). 

8. N. Ogawa, J. DeRisi, P. O. Brown, Mol. Biol. Cell 11, 
4309 (2000). 


. M. Freimoser, H. C. Hurlimann, C. A. Jakob, 

. P. Werner, N. Amrhein, Genome Biol. 7, R109 (2006). 

. Muller et al., EMBO J. 21, 259 (2002). 

11. J. M. Murray, D. |. Johnson, Genetics 154, 155 (2000). 

12. A. Cohen, N. Perzov, H. Nelson, N. Nelson, j. Biol. Chem. 
274, 26885 (1999). 

13. O. Muller, H. Neumann, M. J. Bayer, A. Mayer, J. Cell Sci. 
116, 1107 (2003). 

14. C. D. Lima, L. K. Wang, S. Shuman, Cell 99, 533 (1999). 

15. C. K. Ho, Y. Pei, S. Shuman, J. Biol. Chem. 273, 34151 
(1998). 

16. Using recombinant Vtc4p* in vitro, we did not detect 
regeneration of ATP from ADP and either a polyP 3-, 
~12-, or ~65-nucleotide oligomer. 

17. Modeling of the nucleotide substrate in the opposite 
direction leads to severe clashes of the ribose and base 
portions with main chain atoms in the C-terminal helix 
in Vtc4p*. The position of this helical plug appears 
invariant in all crystal forms analyzed, making the helix 
unlikely to move upon substrate binding. Further, our 
assigned directionality of the nucleotide is consistent with 

he positions of the acceptor pocket and the polyP exit 

unnel, respectively (Fig. 3, A and D, and fig. 53B). 

18. N. Keppetipola, R. Jain, S. Shuman, j. Biol. Chem. 282, 

11941 (2007). 

19. T. P. Werner, N. Amrhein, F. M. Freimoser, Fungal Genet. 

Biol. 44, 845 (2007). 

20. M. R. Thomas, E. K. O'Shea, Proc. Natl. Acad. Sci. U.S.A. 

102, 9565 (2005). 

21. F. Martin et al., Nature 452, 88 (2008). 

22. E. V. Armbrust et al., Science 306, 79 (2004). 

23. J. Fang, P. Rohloff, K. Miranda, R. Docampo, Biochem. 
J. 407, 161 (2007). 


BR 
S 
oun 


24. A. Nicholls, K. A. Sharp, B. Honig, Proteins 11, 281 
(1991). 

25. With the exception of the AppNHp-Mn2* and PP, complexes 
(determined at the Salk Institute), all crystallographic work 
was carried out at the European Molecular Biology 
Laboratory. We thank J. Noel, T. Gibson, and T. A. Steitz for 
discussion and J. Chory for generous support. This work was 
funded by the Peter and Traudl Engelhorn Foundation 
(Penzberg, Germany) and a European Molecular Biology 
Organization long-term fellowship (M.H), the Boehringer 
Ingelheim Fonds (A.U.), the German Science Foundation 
and the Landesstiftung Baden-Wiirttemberg (K.S.), the 
Swiss National Science Foundation (A.M, P.O.H), and the 
National Science Foundation (I0S-0649389 to J. Chory). We 
thank the staff at the European Synchrotron Radiation 
Facility, Grenoble, France, at the Deutsches Elektronen 
Synchrotron, Hamburg, Germany, and at the Advanced Light 
Source, Berkeley, for technical support; and C. Mtiller and 
S. Cusack for sharing beam time. Coordinates and structure 
factors for Vtc2p"®* °° (PDB-ID 3930), Vtc4p*-polyP (393q), 
Vtc4p*-AppNHp-Mn?* (3g3r), Vic4p*-P, (3g3t), and 
Vtc4p*- PP; (3g3u) have been deposited with the Protein 
DataBank (www.rcsb.org). 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/324/5926/513/DC1 
Materials and Methods 

Figs. $1 to S9 

Tables $1 and $2 

References 


5 November 2008; accepted 9 March 2009 
10.1126/science.1168120 


Homeostatic Sleep Pressure and 
Responses to Sustained Attention 
in the Suprachiasmatic Area 


Christina Schmidt,”2* Fabienne Collette,? Yves Leclercq,’ Virginie Sterpenich,* 
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Throughout the day, cognitive performance is under the combined influence of circadian processes 
and homeostatic sleep pressure. Some people perform best in the morning, whereas others are 
more alert in the evening. These chronotypes provide a unique way to study the effects of sleep- 
wake regulation on the cerebral mechanisms supporting cognition. Using functional magnetic 
resonance imaging in extreme chronotypes, we found that maintaining attention in the evening 
was associated with higher activity in evening than morning chronotypes in a region of the locus 
coeruleus and in a suprachiasmatic area (SCA) including the circadian master clock. Activity in the 
SCA decreased with increasing homeostatic sleep pressure. This result shows the direct influence 
of the homeostatic and circadian interaction on the neural activity underpinning human behavior. 


aintaining optimal performance levels 
Mew: evening hours may become dif- 

ficult because increasing sleep propen- 
sity progressively overrides the wake-promoting 
circadian signal (/—3). Morning-type individuals 
wake up early and find it difficult to maintain per- 
formance in the evening (4). In contrast, evening 
types perform well in the evening hours (4) and 
seem to tolerate elevated sleep pressure in the eve- 
ning better than moming types. Besides differences 
in circadian phase (5—8), morning types differ from 
evening types by a faster build-up of homeostatic 


sleep pressure during daytime (9) and by its faster 
dissipation during sleep (/0, //). Taken together, 
these results support the notion that the circadian 
variation in waking performance also depends on 
homeostatic sleep pressure (2, /2, 13). Using 
functional magnetic resonance imaging (f{MRIJ) in 
extreme chronotypes, we investigated the neural 
correlates of performance in the psychomotor vig- 
ilance task (PVT) (14-6), a simple reaction-time 
task that probes the ability to maintain sustained 
attention (/4), which is modulated by circadian 
and sleep homeostatic regulatory processes (/7). 


Young, healthy participants of extreme morn- 
ing (n = 16) or evening (n = 15) typology (/8) 
were matched at the group level according to age, 
sex, and educational level and did not differ in 
their anxiety and depression levels or in sleep 
quality and daytime sleepiness (all P values > 0.1) 
(table S1). Participants were instructed to live ac- 
cording to their own preferred sleep-wake sched- 
ule for at least 1 week before the study (/6). 
Afterwards, they reported to the sleep laboratory 
for two consecutive nights, where they were 
monitored by polysomnography at their preferred 
bedtimes (Fig. 1). The laboratory protocol started 
7 hours before their habitual sleep time, which 
allowed for hourly assessments of subjective 
sleepiness (19) and objective vigilance (/4), as 
well as hourly collections of saliva samples for 
assessment of circadian melatonin phase (/6). 

On average, bedtime, wake time, and circadian 
phase [estimated by the melatonin midrange cross- 
ing (MRC) time (/6)] were about 4 hours earlier in 
morning than in evening types (all P values < 
0.05) (table S1). These results indicate circadian 
phase entrainment with a similar phase angle (i.e., 
similar distance between MRC and bedtimes, P > 
0.2) (table S1) in both chronotypes. One and a half 
hours (morning session) after scheduled awaken- 
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Fig. 1. Overview of the 
experimental design with 


Time of day (hours) 


sample time schedule for 
morning (red) and eve  ® 
ning (blue) types. Subjects 
came to the laboratory 
7 hours before scheduled 
sleeping time and stayed 
for two consecutive nights 
monitored via polysom- 
nography. They stayed 
under controlled light 
(dashed line, <10 lux for 
wake periods, ~ 0 lux for 
sleep periods) conditions 
and body posture. During 
the wake periods, sleepi- 
ness and vigilance mea- 
sures were collected at 
hourly intervals and hourly 
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Controlled light (<10 lux during wake periods, = 0 lux during sleep periods) and posture 
conditions with hourly salivary melatonin collection, sleepiness report and vigilance 
assessment 


saliva samples were assessed for melatonin. One and a half (morning session) and 10 and a half (evening session) hours after scheduled wake-up time and in a 
counterbalanced order, subjects underwent an fMRI session during the performance of the PVT task. 
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Fig. 2. (A) Time course of salivary melatonin in morning (red line) and evening (blue line) chronotypes. 
Hours spent since waking up throughout the protocol versus salivary melatonin as assessed by direct double- 
antibody radioimmunoassay. (B) Time course of daytime sleepiness (+SEMs) in morning (red line) and 
evening (blue line) chronotypes. Hours spent since waking up throughout the protocol versus self-reported 
values of sleepiness on the Karolinska Sleepiness Scale (KSS; higher scores correspond to increased sleepiness 
levels). (C) Overall median reaction times (+SEMs) according to time of day (morning versus evening) and 
chronotype (blue line: evening types, red line: morning types). (D) Increased thalamic response in morning as 
compared with evening types during the evening session. Display shows areas where blood oxygen level— 
dependent (BOLD) response is associated with the main effect of chronotype during the evening session for 
global alertness. Functional results are displayed at P > 0.001, uncorrected threshold, over the mean 
normalized structural magnetic resonance (MR) image of the population. Corresponding parameter estimates 
(arbitrary units) are plotted below the display [red, morning types (MT); blue, evening types (ET)]. 


ing, participants underwent a {MRI session during 
which they performed a PVT. The same protocol 
was administered 10.5 hours (evening session) 
after wake up on the other day (Fig. 1). This indi- 
vidually tailored design ensured equal amounts of 
time spent awake across chronotypes for the mor- 
ning and the evening fMRI sessions, respectively. 


The time course of salivary melatonin showed 
similar profiles according to the time spent awake 
in both morning and evening types (Fig. 2A) 
(interaction chronotype < melatonin profile: P > 
0.5), which indicated comparable entrainment to 
the 24-hour cycle. Previously reported shorter 
circadian cycle length in morning than evening 


types (20) could potentially lead to a more ad- 
vanced point of their circadian cycle after 10.5 
hours of time spent awake, which would lead to a 
decreased circadian countersignal in moming types 
during the subjective evening hours. Although we 
cannot rule out such a possibility, our data do not 
indicate this, and we assume that both morming and 
evening types were tested at similar circadian 
phases during the morning and evening sessions. 
The order of the morning and evening sessions 
was counterbalanced across subjects, and each 
scanning session was preceded by dim light 
conditions for at least 4 hours (<10 lux) (Fig. 1) 
to avoid the effects of bright light on circadian 
entrainment (2/). During the evening fMRI ses- 
sion, evening types were less sleepy (P < 0.05) 
(Fig. 2B) (/6) and tended to perform faster than 
morning types (overall median reaction times 
(RTs) (P = 0.06) (Fig. 2C) (/6). No significant 
group differences in subjective sleepiness and sus- 
tained attention performance were observed for the 
moming session [all P values > 0.5 (/6)]. These 
data indicate that under conditions of self-selected 
sleep-wake schedules, behavioral differences be- 
tween chronotypes mostly prevail in the subjective 
evening hours, when the circadian wake-promoting 
signal has to counteract the homeostatic sleep 
pressure achieved after a normal waking day (3). 
Our analyses of {MRI data tried to determine 
the neural correlates of successful sustained at- 
tention during the evening session, based on two 
behavioral measures that reflect different facets 
of attention. Trials associated with intermediate 
RTs (percentile 10 < RTs < percentile 90) corre- 
sponded to an average alertness level required to 
perform the task in a satisfactory manner, which is 
not compromised by the slowest RTs or by lapses 
associated with momentary task disengagement 
(/5). We will refer to it as global alertness, deemed 
to be particularly sensitive to detect early effects of 
growing sleep pressure (22). In contrast, trials as- 
sociated with fastest RTs reflect optimum response 
capabilities (/5) that can be phasically recruited 
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Fig. 3. (A) Increased task-related response in the dorsal pontine tegmentum and the anterior hy- 
pothalamus, compatible with the LC and SCA, respectively, in evening as compared with morning 
chronotypes during the subjective evening. Display shows areas where BOLD activity is associated with the 
main effect of chronotype during the evening session for optimal alertness. Functional results are displayed 
at P > 0.001, uncorrected threshold, over the mean normalized structural MR image of the population. 
Corresponding parameter estimates (arbitrary units) are displayed for event indicators of fast and inter- 
mediate reaction times (red, morning types; blue, evening types). (B) Exponential decay function [SWA, = 
SWA... + SWAg x e (16)] adjusted on relative SWA in sleep cycles (NREM sleep) measured from the central 
frontal derivation for all-night EEG of the night preceding the evening scan acquisition. Red crosses, 
morning types; blue triangles, evening types. SWAO and r values are significantly higher in morning relative 
to evening types (P > 0.05). (C) Regression analysis of the relation between estimated BOLD responses 
during optimal task performance in the SCA region and the amount of SWA during the first sleep cycle in 
the preceding night (r = 0.54, P< 0.05, n = 27). Red crosses, morning types; blue triangles, evening types. 


above and beyond the baseline cognitive level set 
by global alertness. To characterize this optimal 
vigilance component, fastest RTs (< percentile 10) 
were contrasted with intermediate RTs, which 
constituted an adequate global vigilance baseline. 

Global alertness during the evening session 
was associated with larger responses in the thal- 
amus in morning than in evening types (Fig. 2D, 
and table S4) (see table S3 for main effects of the 
task during the evening session). A similar en- 
hancement of thalamic response by attention has 
been observed after sleep deprivation [e.g., (23, 24)]. 
No brain responses related to global alertness 
were significantly larger in evening than moming 
types during the subjective evening. In contrast, 
responses associated with optimal alertness were 
enhanced in evening relative to morning types, in 
a dorsal pontine tegmentum area and an anterior 
hypothalamic region. These areas encompass the 
locus coeruleus (LC) and the suprachiasmatic 
area (SCA), respectively (Fig. 3A, and table S4), 
two anatomically connected structures deeply in- 
volved in the circadian signal that promotes wake- 
fulness and potentially regulates cognitive output 
during the waking state (25). These responses 
might result from differences in the ability to cope 
with increasing time spent awake during the sub- 


jective evening hours of a normal waking day, as 
already suggested by differences in subjective 
sleepiness levels (Fig. 2B). To test this hypoth- 
esis, we computed the slow wave activity (SWA; 
power spectral activity between 1 and 4 Hz) 
during non—rapid eye movement (NREM) sleep 
on the night preceding the evening scan session 
(16). The SWA observed during the first NREM 
sleep episode was considered to be a reliable es- 
timate of the homeostatic sleep pressure (26, 27) 
faced by the participant while performing the 
PVT during the {MRI evening session (see SOM 
(16)). In the frontal derivation, known to be most 
sensitive to variations in homeostatic sleep pres- 
sure (28), relative SWA was higher in morning 
than evening types at the beginning of the night 
(Fig. 3B) (P < 0.05) (16). SWA dissipation in the 
course of the night was also faster in morning 
than evening types (Fig. 3B) (P < 0.05) (/6) re- 
sulting in similar SWA levels at the end of the night 
for both chronotypes (P > 0.5) (Fig. 3B) (/6). 
These findings confirm that morning and eve- 
ning chronotypes differ in important parameters 
of sleep homeostasis. Furthermore, homeostatic 
sleep pressure turned out to be related to regional 
brain responses elicited by the PVT during the 
evening session, which might account for observed 


behavioral differences between groups. An inde- 
pendent regression analysis revealed that activity in 
the SCA was inversely proportional to the mean 
SWA recorded during the first NREM sleep 
episode (table S4 and Fig. 3C). This result suggests 
that activity in an area that includes the circadian 
master clock has a negative relation with indica- 
tors of sleep homeostatic pressure. It echoes sim- 
ilar findings obtained using long-term multiunit 
recordings of the suprachiasmatic nucleus (SCN) 
in rodents, which reported a decrease in SCN neu- 
ronal activity under conditions of increased sleep 
pressure (29). Conversely, lesions of the SCN in 
nonhuman primates resulted in an increase in total 
sleep time (3). These results indicate a direct inter- 
action between sleep homeostasis and circadian 
rhythms in anterior hypothalamic areas. Conse- 
quently, we suggest that one of the key mechanisms 
accounting for behavioral differences between 
extreme chronotypes is that optimal alertness of 
morning-type individuals is jeopardized in the 
evening, because of a more pronounced negative 
influence of sleep homeostasis onto anterior hypo- 
thalamic structures involved in circadian regulation. 
Alternatively, it may be due to a lower circadian 
influence on sleep homeostasis arising from 
anterior hypothalamic areas. The ensuing decrease 
in local SCA activity is associated with decreased 
activity in brainstem structures promoting wake- 
fulness, such as the LC, thereby diminishing their 
activating influence on the whole forebrain. 
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Intuition and Deliberation: Two 
Systems for Strategizing in the Brain 


Wen-Jui Kuo,?* Tomas Sjéstrém,2* Yu-Ping Chen,? Yen-Hsiang Wang,’ Chen-Ying Huang?t 


Dual-process theories distinguish between intuition (fast and emotional) and reasoning (slow and 
controlled) as a basis for human decision-making. We contrast dominance-solvable games, which can 
be solved by step-by-step deliberative reasoning, with pure coordination games, which must be 
solved intuitively. Using functional magnetic resonance imaging, we found that the middle frontal 
gyrus, the inferior parietal lobule, and the precuneus were more active in dominance-solvable games 
than in coordination games. The insula and anterior cingulate cortex showed the opposite pattern. 
Moreover, precuneus activity correlates positively with how “effortful” a dominance-solvable game is, 


whereas insula activity correlates positively with how “effortless” a coordination game is. 


here are games in which, given sufficient 
| computational capacity, each player can 
determine an optimal strategy using only 
the mathematical structure of the game. Checkers 
is a typical example; if each player plays opti- 
mally, then checkers must end in a draw (J). 
There are other games, though, in which players 
are required to coordinate their actions, and this 
requires a “meeting of the minds” that is not 
amenable to mathematical analysis. In this study, 
we contrast dominance-solvable games, where 
finding an optimal strategy is purely a mathe- 
matical problem, with pure coordination games, 
where successful play requires the players to go 
beyond the mathematics of the game (2). 

A strategy is “dominated” if it is always 
worse than another strategy. Rational players elim- 
inate all dominated strategies from consideration, 
creating a new game with fewer strategies, some 
of which may again be dominated. If this process 
can be iterated until a unique strategy remains for 
each player, then the game is dominance-solvable. 
Implementing this game-theoretic textbook pro- 
cedure of step-by-step deliberation would likely 
require neural structures underlying cognitive pro- 
cessing, reasoning, and memory maintenance. 

In a pure coordination game, each player’s ob- 
jective is simply to match the action of the other 
player (without communicating) (3). In “Nash 
equilibrium,” both players choose the same action, 
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but it is not possible to determine mathematically 
which action to choose, that is, on which Nash 
equilibrium to coordinate. In (4), participants were 
asked to name (among other things) a color, a 
number, and a year. When rewards did not depend 
on their answers, blue and red were about equally 
popular colors; the most popular numbers were 7, 
2, and 10; and only 6.8% named the current year. 
However, when the game was turned into a pure 
coordination game, by rewarding those who 
matched the choices of others, red became by far 
the most frequent color, 1 the most frequent num- 
ber, and 61.1% named the current year. Red, 1, 


A Number-game 


Dominance 


you : other+ | 


Coordination 


you : 


other 


and the current year had become “focal points,” 
objects with “symbolic or connotative character- 
istics that transcend the mathematical structure of 
the game” (5). Automatic (fast, effortless) rec- 
ognition of salient characteristics of complex 
high-dimensional objects is typical of intuitive 
judgments (6). Focal points must have properties 
that each participant recognizes as being salient 
not only to herself but also to others, but this too 
may be at least partly an intuitive judgment, using 
salience to oneself as an input. In general, in- 
tuition and deliberative reasoning are mental pro- 
cesses with very different properties. Intuition is 
fast, automatic, emotional, and effortless. Rea- 
soning is slow, rule-governed, controlled, and 
effortful (7). 

We designed two kinds of games, number 
games and box games. A dominance-solvable 
number game is shown at the top of Fig. 1A. Two 
players, X (“you”) and Y (“other”), simultaneously 
pick a number from 0, 1, 2, or 3, without com- 
municating. Each player’s objective is to be as 
close as possible to a “target number.” The in- 
struction “other: you” means Y’s target is “the 
number chosen by X,” so Y wants to match X’s 
choice. The instruction “you: other+1” means X’s 
target is “one plus the number chosen by Y.” A 
player who achieves her objective receives a re- 
ward [supporting online material (SOM), S1.2]. 


B Box-game 


Fig. 1. Sample screens from the experiment. There are two conditions in the experiment: dominance- 
solvable games and pure coordination games. The condition in the top row is the dominance-solvable 
game and that in the bottom row is the pure coordination game. Targets of both players are shown in the 
lower right corner of each screen. In each game, each participant's objective is to be as close as possible to 
her target, which in turn depends on the choice of the other player (SOM, $1.2). There are two treatments. 
(A) In the number-game treatment, participants have to choose one number. (B) In the box-game 
treatment, participants have to choose one box. 
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For example, if X chooses | and Y chooses 0, then 
only X is rewarded. Because X’s target is at least 
1, choosing 0 is dominated for X and should be 
eliminated. This makes 0 dominated for Y, who 
wants to match X’s choice. Eliminating 0 for Y 
makes X’s target at least 2, so eliminates 1 for X. 
Three more steps lead to the formal game-theoretic 
solution: Each player chooses 3 (SOM, S1.3). To 
obtain a pure coordination game, we modify the 
rules slightly to make each player’s target the other 
player’s chosen number (Fig. 1A, bottom). In the 
new game, there is no formal game-theoretic rea- 
son to choose one number over another. 

A dominance-solvable box game is displayed 
at the top of Fig. 1B. Two players, X (“‘you’’) and 
Y (“other”), simultaneously choose a box in a 3 
by 3 matrix by picking a letter indicating row A, B, 
or C and a number indicating column 1, 2, or 3. 
For example, A3 is the box in the northeast corner 
of the matrix. The instruction “you: 1R” means X’s 
target is “the box to the right of Y’s choice.” 
Similarly, the instruction “other: IR 1U” means 
Y’s target is “the box to the right of and above 
player X’s choice” (SOM, S1.2). For example, if X 
chooses B1 and Y chooses A2, then only Y gets a 
reward. The game-theoretic solution is A3 for each 
player (SOM, S1.3). To obtain a pure coordination 
game, we make each player’s target the box 
chosen by the other player (Fig. 1B, bottom). 

Using functional magnetic resonance imaging 
(fMRI), we scanned 21 participants when they 
played games against a pool of students (SOM, 
S1). We used two experimental treatments: num- 
ber game and box game. Each treatment had two 
conditions: dominance-solvable and pure coordi- 
nation. All games were slight variations of the 
games shown in Fig. 1 (table S1). Each participant 
played 40 dominance-solvable and 40 pure coordi- 
nation games. Response times were significantly 
faster in coordination games than in dominance- 
solvable games, consistent with the idea that in- 
tuitive decisions are faster than step-by-step 
deliberations (8) (SOM, S2.7). The games were 
displayed using the intuitive graphics of Fig. 1, 
which we hoped would help the comprehension of 
the games. The behavioral results are consistent with 
this (SOM, S2). In dominance-solvable games, our 
participants picked the game-theoretic solution 
79.26% of the time. In coordination games, when 
participants’ choices were paired with the modal re- 
sponses from the pool of students, coordination 
was achieved 69.92% of the time. When randomly 
paired with a pool student, participants chose the 
“best response” (the strategy which yielded a re- 
ward) in 66.97% of the dominance-solvable games 
and in 46.10% of the pure coordination games. If 
choice had been completely random, participants 
would have earned rewards in only 21.24% of the 
dominance-solvable games and in only 18.66% of 
the pure coordination games. The P value of 
Pearson’s chi-square test on whether participants’ 
choices were uniformly random is 0.00 for both 
dominance-solvable and pure coordination games. 
Previous experiments have suggested that players 
do not complete more than two or three steps of 


iterated elimination of dominated strategies (9). Our 
participants did better, perhaps due to the intuitive 
displays. The impressive feats of tacit coordination 
are consistent with (4). 

Comparing dominance-solvable games with 
coordination games, higher activation was found 
bilaterally in the frontal and parietal regions. In 
the frontal cortex, the most prominent area of ac- 
tivation lies in the middle frontal gyrus, extend- 
ing upward to the superior frontal gyrus. In the 
parietal cortex, activation was observed in pre- 
cuneus and inferior parietal lobule. In the left 
inferior parietal activation, it reaches downward 
to the angular gyrus (Fig. 2 and table S2). Pre- 
vious studies found frontoparietal activity when 
tasks required attention, conscious perception, 
reasoning, or memorizing (/0). For instance, fron- 
toparietal activation is observed when contrasting 
logical reasoning with tasks in which reasoning is 
not required (//), contrasting challenging reason- 
ing tasks with straightforward ones (/2), or con- 
trasting a meaningful middle game position with 


0 12 


arandom game position in chess (/3). The higher 
frontoparietal activation in dominance-solvable 
games squares well with these previous studies, 
because the textbook solution procedure requires 
a sequence of reasoning steps. In each step, the 
player eliminates dominated strategies, holds re- 
maining strategies in mind, and then iterates. 
Working memory is crucial for problem solv- 
ing, reasoning, and planning (/4, /5). It allows the 
temporary retention and manipulation of informa- 
tion in a system of limited capacity (/6). The work- 
ing memory model contains a central executive 
system for control and two subsystems for main- 
taining verbal and visuospatial information. Fron- 
toparietal activation in dominance-solvable games 
can be interpreted according to this model. First, 
the participant must verbally encode and hold in 
mind the targets of both players (/7). The inferior 
parietal lobule has been implicated in verbal mem- 
ory storage and may serve this purpose (/8, 19). 
Eliminating dominated strategies presumably 
engages the central executive, which is hypothe- 


Pe 


Fig. 2. Regions showing greater activation in dominance-solvable games than in pure coordination 
games [P < 0.05, corrected (family-wise)] (SOM, $4.1 and table $2). (A) Activation in bilateral middle 
frontal gyri (vy = 19). (B) Activation in bilateral inferior parietal lobules and precuneus (y = —54). 


0 12 


.) 12 


Fig. 3. Regions showing greater activation in pure coordination games than in dominance-solvable 
games [P < 0.05, corrected (family-wise)] (SOM, $4.1 and table $3). (A) Activation in bilateral 


insulae (y = 4). (B) Activation in ACC (x = —2). 
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sized to manipulate the contents of storage. The 
activation of the middle frontal gyrus may relate to 
this, as it is thought to execute goal-directed oper- 
ations (18, 20, 2/). Posterior parietal cortex plays a 
role in visuospatial working memory (/8, 2/). The 
precuneus, the medial portion of the posterior 
parietal cortex, may be related to imagery (mental 
representations of objects that are not perceptually 
present) and memory retrieval (22-25). Keeping 
track of eliminated strategies may require generat- 
ing and keeping in mind a mental image which 
must be retrieved in each step of elimination. We 
caution that the iterated elimination is a complex 
algorithm, and neatly mapping it onto the work- 
ing memory model is speculative. Also, some 
participants may have deviated from the algo- 
rithm. However, working memory may still have 
been important. Post-scan interviews strongly 
suggested that the participants used deliberative 
mathematical reasoning in dominance-solvable 
games (SOM, S6). Most explicitly stated that 
they would keep in mind both targets, going back 
and forth, and eliminating strategies. 


Precuneus 
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Precuneus 
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Among the areas showing greater activation for 
coordination games than for dominance-solvable 
games were bilateral insulae and anterior cingulate 
cortex (ACC) (Fig. 3 and table $3). The activation 
in the insular cortex lies in the middle insula, 
extending mostly toward the posterior insula. In the 
cingulate, the activation extends from the caudal 
ACC to the cingulate motor area (CMA) and the 
supplementary motor area (SMA). The insula has 
previously been implicated in subjective prere- 
flective and reflective representations of ongoing 
changes in internal bodily and feeling states (26). 
The ACC seems to act as a conflict monitor when 
tasks require attention, novel or open-ended re- 
sponses, or when cognitive uncertainty exists (27). 
These areas are also activated in many paradigms 
with strong social content or emotions, such as 
when participants contemplate cooperating instead 
of competing with another person (28), when they 
Judge other persons to be trustworthy instead of 
being untrustworthy (29), or when they experience 
social emotions such as empathy (30) or love (31). 
These emotions might have evolved to ensure 


Insula 
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Fig. 4. Activations related to classifications within a condition (P < 0.001, uncorrected; cluster size greater 
than 10 voxels) (SOM, $5). (A) Activation in precuneus (y = —66) for the contrast of hard dominance- 
solvable games with easy dominance-solvable games (table $10). (B) Activations in insula (z = 4) for the 
contrast of highly focal coordination games with less focal coordination games (table $11). (C) Activation in 
precuneus (y = —68) is negatively correlated with a participant's probability of obtaining a reward in 
dominance-solvable games (table $12). (D) Activation in insula (z = 4) is positively correlated with a 
participant's probability of obtaining a reward in pure coordination games (table S13). 


quick response to the factors arousing them in the 
presence of many stimuli. Many social interactions 
involve myriad stimuli but demand immediate 
decisions. Rapid processing and extraction of the 
most salient aspects of complex situations is char- 
acteristic of intuitive decision-making. Deciding 
within the context of a coordination game which 
Nash equilibrium has the most salient character- 
istics requires rapid processing of various cultural 
connotations as well as geometric symmetry, cen- 
trality or even mathematical oddity (SOM, S7.2). 
The insula and ACC might be part of a general 
network contributing to a quick and flexible eval- 
uation of complex multidimensional experiences, 
and this may be the common denominator be- 
tween our coordination games and the earlier 
experiments on social decision-making (32). 

The key to coordination may be the ability to 
make judgments of salience common to both. 
That is, the participant must identify features that 
are likely to be salient not only to herself but also 
to the pool student. Nevertheless, mentally simulat- 
ing the pool student’s judgment of salience may 
require the participant to use her own intuitive 
judgment of salience as an input. A model sug- 
gests that the middle insula receives inputs about 
the physiological condition of the body from the 
posterior insula and integrates this with salient 
environmental stimuli (33). It has also been sug- 
gested that insula and ACC are a part of a general 
network that responds to varied forms of personal 
salience (34). For instance, the posterior insula 
and the SMA/CMA are shown to be responsive 
to changes of many sensory modalities (35), where- 
as the anterior insula and ACC are sensitive to 
novelty (36). A study using single-cell recording 
in the caudal ACC indicates that neurons in caudal 
ACC respond differentially to high-conflict and 
low-conflict tasks (37). These studies all point to 
a possible role of insula and ACC in identifying 
salience and provide support for the hypothesis 
that the higher activation we observe is due to 
participants extracting salient features in order to 
coordinate. A recent study of functional connec- 
tivity between the insula and the cingulate also 
agrees with our finding (38). 

The textbook procedure for dominance-solvable 
games requires a well-defined number of steps 
(SOM, 82.3). If participants use this procedure, 
then the activation of the frontoparietal network 
might correlate with the required number of steps. 
For coordination games, the normalized coordina- 
tion index (NCI) measures how well coordination 
is achieved (39) (SOM, S2.5). A high NCI may 
reflect the existence of an obvious focal point. If 
activation of the insula or ACC reflects the “gut 
feeling” aroused by a salient focal point, then it 
might correlate with the NCI. To investigate these 
hypotheses at the trial-by-trial level, a second 
model was built. We divided the 40 dominance- 
solvable games into 20 “hard” and 20 “easy” 
games, depending on the number of steps re- 
quired. Similarly, 20 coordination games with 
high NCI were classified as “highly focal,” and 
20 games with low NCI were “‘less focal.” In the 
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second model, the two main conditions were para- 
metrically modulated by the two categories, 
respectively (SOM, S5.1). The activation of the 
precuneus was higher for hard dominance-solvable 
games than for easy ones (Fig. 4A and table S10). 
The activation of the insula was higher for the 
highly focal coordination games than for less fo- 
cal ones (Fig. 4B and table S11). Previous studies 
also found that precuneus activity increased when 
the number of planned moves increased (40, 47). 
The higher demand for memory-related imagery 
and memory retrieval may explain the greater 
precuneus activation in hard dominance-solvable 
games. In highly focal coordination games, the 
participants may have felt quite strongly that the 
pool students must notice the same salient fea- 
ture. This may explain why insula activation cor- 
relates with NCI. 

Participants might have disagreed about which 
games were difficult. We built a third model to 
investigate whether the frontoparietal activation 
correlates with how hard a dominance-solvable 
game is and whether the activation in insula and 
ACC correlates with how easy a coordination 
game is. Here, the two main conditions were para- 
metrically modulated by each participant’s proba- 
bility of obtaining a reward in each game (SOM, 
82.2 and $5.2). We found a negative correlation 
between the activation of the precuneus and the 
participant’s probability of obtaining a reward in 
dominance-solvable games (Fig. 4C and table 
S12), which suggests that dominance-solvable 
games that yielded lower payoffs presented harder 
mental challenges. In a previous study on work- 
ing memory, precuneus activity positively cor- 
related with response times, a measure of mental 
effort (24). Both findings are consistent with the 
interpretation that subjective measures reflecting 
harder tasks (higher efforts) correlate with acti- 
vation in precuneus. A positive correlation between 
insula activation and the participant’s probability 
of obtaining a reward again suggests that co- 
ordination games with a highly salient feature 
strongly activated the “gut feeling” reported by 
many participants (Fig. 4D and table S13). A 
previous study found that the subjective rating of 
“chills intensity” in music correlates with activa- 
tion of insula (42). Both findings are consistent 
with the interpretation that the subjective inten- 
sity of how salient a stimulus is correlates with 
activation in insula. 

As mentioned, choices were made significant- 
ly faster in coordination games than in dominance- 
solvable games. The results of the second and 
third models provide additional support for the 
idea that intuitive and deliberative mental pro- 
cesses have quite different properties. The “slow 
and effortful” process was more heavily taxed 
when the dominance-solvable games were harder. 
The “fast and effortless” process was more 
strongly activated when coordination was easy. 
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The Genome Sequence of Taurine 
Cattle: A Window to Ruminant 
Biology and Evolution 


The Bovine Genome Sequencing and Analysis Consortium,* Christine G. Elsik,* 


Ross L. Tellam,? Kim C. Worley? 


To understand the biology and evolution of ruminants, the cattle genome was sequenced to about sevenfold 
coverage. The cattle genome contains a minimum of 22,000 genes, with a core set of 14,345 orthologs 
shared among seven mammalian species of which 1217 are absent or undetected in noneutherian 
(marsupial or monotreme) genomes. Cattle-specific evolutionary breakpoint regions in chromosomes 
have a higher density of segmental duplications, enrichment of repetitive elements, and species-specific 
variations in genes associated with lactation and immune responsiveness. Genes involved in metabolism 
are generally highly conserved, although five metabolic genes are deleted or extensively diverged from 
their human orthologs. The cattle genome sequence thus provides a resource for understanding 
mammalian evolution and accelerating livestock genetic improvement for milk and meat production. 


omesticated cattle (Bos taurus and Bos 
taurus indicus) provide a significant source 
of nutrition and livelihood to nearly 6.6 


billion humans. Cattle belong to a clade phyloge- 
netically distant from humans and rodents, the 
Cetartiodactyl order of eutherian mammals, which 
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first appeared ~60 million years ago (/). Cattle 
represent the Ruminantia, which occupy diverse 
terrestrial environments with their ability to 
efficiently convert low-quality forage into energy- 
dense fat, muscle, and milk. These biological 
processes have been exploited by humans since 
domestication, which began in the Near East some 
8000 to 10,000 years ago (2). Since then, over 800 
cattle breeds have been established, representing an 
important world heritage and a scientific resource 
for understanding the genetics of complex traits. 
The cattle genome was assembled with 
methods similar to those used for the rat and sea 
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urchin genomes (3, 4). The most recent assem- 
blies, Btau3.1 and Btau4.0, combined bacterial 
artificial chromosome (BAC) and whole-genome 
shotgun (WGS) sequences. Btau3.1 was used for 
gene-specific analyses. Btau4.0, which includes 
finished sequence data and used different map- 
ping methods to place the sequence on chromo- 
somes, was used for all global analyses other 
than gene prediction. The contig N50 (50% of 
the genome is in contigs of this size or greater) 
is 48.7 kb for both assemblies; the scaffold N50 
for Btau4.0 is 1.9 Mb. In the Btau4.0 assembly, 
90% of the total genome sequence was placed 
on the 29 autosomes and X chromosome and 
validated (3). Of 1.04 million expressed sequence 
tag (EST) sequences, 95.0% were contained in 
the assembled contigs. With an equivalent gene 
distribution in the remaining 5% of the genome, 
the estimated genome size is 2.87 Gbp. Compar- 
ison with 73 finished BACs and single-nucleotide 
polymorphism (SNP) linkage data (5, 6) con- 
firmed this assembly quality with greater than 
92% genomic coverage, and fewer than 0.8% of 
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SNPs were incorrectly positioned at the resolu- 
tion of these maps (3, 4). 

We used the cattle genome to catalog protein- 
coding genes, microRNA (miRNA) genes, and 
ruminant-specific interspersed repeats, and we 
manually annotated over 4000 genes. The 
consensus protein-coding gene set for Btau3.1 
(OGSv1), from six predicted gene sets (4), 
consists of 26,835 genes with a validation rate 
of 82% (4). On this basis, we estimate that the 
cattle genome contains at least 22,000 protein- 
coding genes. We identified 496 miRNA genes 
of which 135 were unpublished miRNAs (4). 
About half of the cattle miRNA occur in 60 ge- 
nomic miRNA clusters, containing two to seven 
miRNA genes separated by less than 10 kbp (fig. 
82). The overall GC content of the cattle genome 
is 41.7%, with an observed-to-expected CpG 
ratio of 0.234, similar to that of other mammals. 

The cattle genome has transposable element 
classes like those of other mammals, as well as 
large numbers of ruminant-specific repeats (table 
S4) that compose 27% of its genome. The 
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Fig. 1. Protein orthology comparison among genomes of cattle, dog, human, 
mouse, and rat (Bos taurus, Canis familiaris, Homo sapiens, Mus musculus, 
Rattus norvegicus, representing placental mammals), opossum (Monodelphis 
domestica, marsupial), and platypus (Ornithorhynchus anatinus, monotreme). 
(A) The majority of mammalian genes are orthologous, with more than half 
preserved as single copies (dark blue); a few thousand have species-specific 
duplications (blue); another few thousand have been lost in specific lineages 
(orange). We also show those lacking confident orthology assignment (green), 
and those that are apparently lineage specific [unique (white)]. Placental- 
specific orthologs are shown in pink. Single- or multiple-copy genes were 


defined on the basis of representatives in human, bovine, or dog; mouse or 
rat; and opossum or platypus. (B) Venn diagram showing shared orthologous 
groups (duplicated genes were counted as one) between laurasiatherians 
(cattle and dog), human, rodents (mouse and rat), and nonplacental mammals 
(opossum and platypus) on the basis of the presence of a representative gene 
in at least one of the grouped species [as in (A)]. (C) Distribution of ortholog 
protein identities between human and the other species for a subset of strictly 
conserved single-copy orthologs. (D) A maximum likelihood phylogenetic tree 
using all single-copy orthologs supports the accepted phylogeny and quantifies 
the relative rates of molecular evolution expressed as the branch lengths. 
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consensus sequence of Bov-B, a long interspersed 
nuclear element (LINE) lacked a functional open 
reading frame (ORF), which suggested that it was 
inactive (7). However, Bov-B repeats with intact 
ORF were identified in the genome, and their 
phylogeny (fig. S4) indicates that some are still 
actively expanding and evolving. Mapping chro- 
mosomal segments of high- and low-density 
ancient repeat content, L2/MIR [a LINE/SINE 
(short interspersed nuclear element) pair] and 
Bov-B, and more recent repeats, Bov-B/ART2A 
(Bov-B-derived SINE pair), revealed that the 
genome consists of ancient regions enriched for 
L2/MIR and recent regions enriched for Bov-B/ 
ART2A (fig. S7). Exclusion of Bov-B/ART2A 
from contiguous blocks of ancient repeats sug- 
gests that evolution of the ruminant or cattle ge- 
nome experienced invasions of new repeats into 
regions lacking ancient repeats. Alternatively, 
older repeats may have been destroyed by inser- 
tion of ruminant- or cattle-specific repeats. AGC 
trinucleotide repeats, the most common simple- 
sequence repeat (SSR) in artiodactyls (which 
include cattle, pigs, and sheep), are 90- and 142- 
fold overrepresented in cattle compared with hu- 
man and dog, respectively (fig. S10). Of the 
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Fig. 2. Examples of EBRs. Ferungulate-, artiodactyl-, 
and primate-specific EBRs on HSA1 at 175 to 247 
Mbp (other lineage-specific EBRs not shown). 
Homologous synteny blocks constructed for the 
macaque, chimp, cattle, dog, mouse, rat, and pig 
genomes were used for pairwise comparisons (4). 
White areas correspond to EBRs. Arrows to the right 
of the chromosome ideogram indicate positions of 
representative cattle-specific; artiodactyl-specific 
(specific to the chromosomes of pigs and cattle); 
ferungulate-specific (cattle, dog, and pig); primate- 
specific (human, macaque, and chimp); and 
hominoid-specific (human and chimp) rearrange- 
ments. Opossum is shown as an outgroup to the 
eutherian clade, which allows classification of 
ferungulate-specific EBRs. 


AGC repeats in the cattle genome, 39% were 
associated with Bov-A2 SINE elements. 

A comparative analysis examined the rate of 
protein evolution and the conservation of gene 
repertoires among orthologs in the genomes of 
dog, human, mouse, and rat (representing placen- 
tal mammals); opossum (marsupial); and platy- 
pus (monotreme). Orthology was resolved for 
>75% of cattle and >80% of human genes (Fig. 
1A). There were 14,345 orthologous groups with 
representatives in human, cattle, or dog; mouse 
or rat; and opossum or platypus, which represent 
16,749 cattle and 16,177 human genes, respec- 
tively, of which 12,592 are single-copy orthologs. 
We also identified 1217 placental mammal— 
specific orthologous groups with genes present in 
human, cattle, or dog; mouse or rat; but not opos- 
sum or platypus. About 1000 orthologs shared 
between rodents and laurasiatherians (cattle and 
dog), many of which encode G protein-coupled 
receptors, appear to have been lost or may be 
misannotated in the human genome (Fig. 1B). 
Gene repertoire conservation among these mam- 
mals correlates with conservation at the amino 
acid—sequence level (Fig. 1C). The elevated rate 
of evolution in rodents relative to other mammals 
(8) was supported by the higher amino acid se- 
quence identity between human and dog or cattle 
proteins relative to that between human and rodent 


Table 1. Changes in the number of genes in innate 
immune gene families. Many of the B-defensin genes 
are present in unassigned scaffolds, i.e., they are not 
yet part of the current assembly. The exact number of 
B-defensin genes is uncertain. Interferon subfamily 
pseudogenes predicted on the basis of frame-shift 
mutations or stop codons within the first 100 amino 
acids of the coding sequence have been excluded from 
the table. The IFNX genes represent a newly discovered 
subfamily of IFN and are so named for convenience. 
BPI, Bactericidal and/or permeability-increasing; 
RNase, ribonuclease; LBP, lipopolysaccharide-binding 
protein; ULBP, UL16-binding protein. 


mene Bovine Human Murine 
family 
Cathelicidin 10 1 1 
RNase 21 13 25 
BPI-like 13 9 11 
BPI/LBP 3 2 2 
B-Defensin ~106 39 52 
Interferon 
subfamilies 
IFNK 1 1 1 
IFNE 1 1 A 
IFNB 6 1 1 
IFNA 13 13 14 
IFNW 24 a 0 
IFNT 3 0 0 
IFNX 3 0 0 
IFNL 0 3 2 
IFNZ 0 0 2 
C-type lysozyme 10 i 3 
ULBP* 30 3 1 
131), 


proteins. However, maximum-likelihood analysis 
of amino acid substitutions in single-copy ortho- 
logs supports the accepted sister lineage relation of 
primates and rodents (/) (Fig. 1D). 

Alternative splicing is a major mechanism for 
transcript diversification (9), yet the extent of its 
evolutionary conservation and functional impact 
remain unclear. We used the cattle genome to 
analyze the conservation of the most common 
form of alternative splicing, exon skipping, de- 
fined as a triplet of exons in which the middle 
exon is absent in some transcripts, in a set of 
1930 exon-skipping events across human, mouse, 
dog, and cattle (4). We examined 277 cases, with 
different conservation patterns between human and 
mouse, in 16 different cattle tissues with reverse 
transcription polymerase chain reaction (4). These 
splicing events were divided into a shared set (163 
in both human and mouse) and a nonshared set 
(114 in human but not in mouse). Of the 277, we 
detected exon-skipping for 188 cases in cattle (table 
S5), which suggested that the majority of genes 
with exon-skipping in human were present and 
regulated in cattle and that, if an event is shared 
between human and mouse, it was more likely to be 
found in cattle. It was estimated that at most 40% of 
exon-skipping is conserved among mammals; thus, 
our data agree with the upper bound from previous 
analyses with human and rodents [e.g., (/0)]. 

We constructed a cattle-human Oxford grid 
(fig. S12) (4) to conduct synteny-based chromo- 
somal comparisons, which reinforced that human 
genome organization is more similar to cattle's 
than rodents' because most cattle chromosomes 
primarily correspond to part of one human chro- 
mosome, albeit with multiple rearrangements 
[e.g., (J/)]. In contrast, the cattle-mouse Oxford 
grid shows poorer chromosomal correspondence. 
Lineage-specific evolutionary breakpoints were 
identified for cattle, artiodactyls, and ferungulates 
(a group encompassing artiodactyls and carni- 
vores, represented by cattle, pig, and dog) and are 
shown with cattle (fig. S11) and human sequence 
coordinates (Fig. 2) (4). Primate, dog, rodent, 
mouse, and rat lineage-specific breakpoint posi- 
tions were similarly identified. A total of 124 evolu- 
tionary breakpoint regions (EBRs) were identified 
in the cattle lineage, of which 100 were cattle- or 
ruminant-specific and 24 were artiodactyl-specific 
(e.g., Fig. 2). Nine additional EBRs represent pre- 
sumptive ferungulate-specific rearrangements. Bos 
taurus chromosome 16 (BTA16) is populated with 
four ferungulate-specific EBRs, which suggests 
that this region was rearranged before the Artio- 
dactyla and Carnivora divergence (Fig. 2). Such 
conserved regions demonstrate that many inver- 
sions that occurred before the divergence of the 
camivores and artiodactyls have probably been 
retained in the ancestral form within the human 
genome. In contrast to the cattle genome, a pig 
physical map identified only 77 lineage-specific 
EBRs. Interchromosomal rearrangements and in- 
versions characterize most of the lineage-specific 
rearrangements observed in the cattle, dog, and pig 
genomes. 
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An examination of repeat families and in- 
dividual transposable elements within cattle-, 
artiodactyl- and ferungulate-specific EBRs showed 
a significantly higher density of LINE-L1 ele- 
ments and the ruminant-specific LINE-RTE re- 
peat family (/2) in cattle-specific EBRs relative 
to the remainder of the cattle genome (table S6). 
In contrast, the SINE-BovA repeat family and 
the more ancient tRNA©"-derived SINE repeats 
(/3) were present in lower density in cattle- 
specific EBRs, similar to other LINEs and SINEs 
(table S7). The differences in repeat densities 
were generally consistent in cattle-, artiodactyl- 
and ferungulate-specific EBRs, with the excep- 
tion of the fRNAC"-derived and LTR-ERVL 
repeats, which are at higher densities in artiodac- 
tyl EBRs compared with the rest of the genome. 

The tRNA“"-derived SINEs originated in the 
common ancestor of Suina (pigs and peccaries), 
Ruminantia, and Cetacea (whales) (/3), which 
suggests that tRNA°'-derived SINEs were 
involved in ancestral artiodactyl chromosome re- 
arrangements. Furthermore, the lower density of 
the more ancient repeat families in cattle-specific 
EBRs suggests that either more recently arising 
repeat elements were inserted into regions lack- 
ing ancient repeats or that older repeats were 
destroyed by this insertion (table S7). The repeat 
elements differing in density in EBRs were also 
found in regions of homologous synteny, which 
suggests that repeats may promote evolutionary 
rearrangements (see below). Differences in repeat 
density in cattle-specific EBRs are thus unlikely 
to be caused by the accumulation of repeats in 
EBRs after such rearrangements occur. We 
identified a cattle-specific EBR associated with 
a bidirectional promoter (figs. S14 and S15) that 
may affect control of the expression of the 
CYB5R4 gene, which has been implicated in 
human diabetes and, therefore, may be important 
in the regulation of energy flow in cattle (4). 

We identified 1020 segmental duplications 
(SDs) corresponding to 3.1% (94.4 Mbp) of the 
cattle genome (4). Duplications assigned to a 
chromosome showed a bipartite distribution with 
respect to length and percent identity (fig. S16), 
and interchromosomal duplications were shorter 
(median length 2.5 kbp) and more divergent (<94% 
identity) relative to intrachromosomal duplications 
(median length 20 kbp, ~97% identity) and tended 
to be locally clustered (fig. S17). Twenty-one of 
these duplications were >300 kbp and located in 
regions enriched for tandem duplications (e.g., 
BTA18) (fig. S18). This pattern is reminiscent of 
the duplication pattern of the dog, rat, and mouse 
but different from that of primate and great-ape 
genomes (/4, /5). On average, cattle SDs >10 kbp 
represent 11.7% of base pairs in 10-kbp intervals 
located within cattle-specific EBRs and 23.0% of 
base pairs located within the artiodactyl-specific 
EBRs. By contrast, in the remainder of the genome 
sequence assigned to chromosomes the fraction of 
SDs was 1.7% (P< 1 x 10 '). These data indicate 
that SDs play a role in promoting chromosome 
rearrangements by nonallelic homologous recombi- 


nation [e.g., (/6)] and suggest that either a 
significant fraction of the SDs observed in cattle 
occurred before the Ruminant-Suina split, and/or 
that the sites for accumulation of SDs are non- 
randomly distributed in artiodactyl genomes. 

SDs involving genic regions may give rise to 
new functional paralogs. Seventy-six percent 
(778 out of 1020) of the cattle SDs correspond 
to complete or partial gene duplications with high 
sequence identity (median 98.7%). This suggests 
that many of these gene duplications are specific 
to either the artiodactyla or the Bos lineage and 
tend to encode proteins that often interface with 
the external environment, particularly immune 
proteins and sensory and/or olfactory receptors. 
Several of these gene duplications are also 
duplicated in other mammalian lineages (e.g., 
cytochrome P-450, sulfotransferase, ribonuclease 
A, defensins, and pregnancy-associated glyco- 
proteins). Paralogs located in segmental duplica- 
tions that are present exclusively in cattle may 
have functional implications for the unique phys- 
iology, environment, and diet of cattle. 

An overrepresentation of genes involved in 
reproduction in cattle SDs (tables S8 and S9) is 
associated with several gene families expressed in 
the ruminant placenta. These families encode the 
intercellular signaling proteins pregnancy-associated 
glycoproteins (on BTA29), trophoblast Kunitz 
domain proteins (on BTA13), and interferon tau 
(UFNT) (on BTA8). A gene family encoding 
prolactin-related proteins (on BTA23) was only 
identified in the assembly-dependent analysis of 
SDs. These genes regulate ruminant-specific aspects 
of fetal growth, matemal adaptations to pregnancy, 
and the coordination of parturition (/7, 18). Al- 
though type I interferon (IFN) genes are primarily 
involved in host defense (/9), JFNT prevents regres- 
sion of the corpus luteum during early pregnancy, 
which results in a uterine environment receptive to 
early conceptus development (20). 

Signatures of positive selection (obtained by 
measurement of their rates of synonymous and 
nonsynonymous substitutions) identified 71 genes 
(4), including 10 immune-related genes (ie., 
IFNAR2, IFNG, CD34, TREM1, TREML1, 
FCERIA, IL23R, IL24, IL15, and LEAP2). As pre- 
viously mentioned, immune genes are overrepre- 
sented in SDs (see Table 1 and fig. S20). Examples 
of genes varying in cattle relative to mouse include 
a cluster of B-defensin genes, which encode anti- 
microbial peptides; the antimicrobial cathelicidin 
genes [which show increased sequence diversity of 
the mature cathelicidin peptides (2/)]; and changes 
in the numbers of interferon genes (22) and the num- 
ber and organization of genes involved in adaptive 
immune responses in cattle compared with human 
and mouse (4). This extensive duplication and di- 
vergence of genes involved in innate immunity may 
be because of the substantial load of microorga- 
nisms present in the rumen of cattle, which increases 
the risk of opportunistic infections at mucosal sur- 
faces and positive selection for the traits that enabled 
stronger and more diversified innate immune re- 
sponses at these locations. Another possibility is 
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that immunity may have been under selection due 
to the herd structure, which can promote rapid dis- 
ease transmission. Also, immune function—related 
duplicated genes have gained nonimmune functions, 
e.g., IFNT (see above), and the C-class lysozyme 
genes, which are involved in microbial degradation 
in the abomasum (see below). 

There has been substantial reorganization of 
gene families encoding proteins present in milk. 
One such rearrangement affecting milk compo- 
sition involves the histatherin (HS7N) gene with- 
in the casein gene cluster on BTA6 (fig. S21). In 
the cattle genome, HSTN is juxtaposed to a 
regulatory element (BCE) important (23) for B- 
casein (CSN2) expression, and as a probable 
consequence, HSTN is regulated like the casein 
genes during the lactation cycle. This rearrange- 
ment that led to the juxtaposition of HSTN next to 
the BCE 1s also the probable cause of deletion of 
one of the two copies of a-S2—like casein genes 
(CSN1S24A) present in other mammalian genomes 
(24). The biological implications of this change 
in casein gene copy number are not yet clear. 

Additionally, the cattle serum amyloid A (S44) 
gene cluster arose from both a laurasiatherian 
SD and a cattle-specific EBR, which resulted in 
two mammary gland—expressed S4A3-like genes, 
SAA3.1 and S4A3.2 on BTA29, and an SAA3-like 
gene on BTAIS5 (fig. S21). SAA3.2 has been 
shown to inhibit microbial growth (25). Two ad- 
ditional milk protein genes were associated with 
SDs: cathelicidin (CATHL/) and B2-microglobulin 
(B2M)—part of the neonatal Fe receptor (FcRn) 
that transfers immunoglobulin IgG across epithelial 
cells of many tissues including the gut and 
mammary gland (26, 27). IgG is the predominant 
immunoglobulin in cow’s milk compared with IgA 
in human milk (28). Unlike humans, who acquire 
passive immunity from the mother via placental 
transfer of immunoglobulins during pregnancy, 
calves acquire passive immunity by ingestion of 
IgG in milk (28). B2M is also redistributed in 
epithelial cells upon calving, and it protects IgG 
from degradation (26). A genetic variant of B2M has 
negative effects on passive immune transfer (29). 
The additional copy of the gene encoding B2M 
might be associated with the abundance of IgG in 
cows’ milk and an increased capacity for uptake in 
the neonatal gut. Considering that the passive trans- 
fer of immunity to the calf is one of the important 
functions of milk, it is striking that lactation-related 
genes affected by genomic rearrangements often 
encode immune-related proteins in milk. 

Cattle metabolic pathways demonstrated a 
strong degree of conservation among the compre- 
hensive set of genes involved in core mammalian 
metabolism (4) and permitted an examination of 
unique genetic events that may be related to 
ruminant-specific metabolic adaptations. How- 
ever, among 1032 genes examined from the hu- 
man metabolic pathways, five were deleted or 
extensively diverged in cattle: PLA2G4C (phospho- 
lipase A2, group IVC), FAAH?2 (fatty acid amide 
hydrolase 2), /D/2 (isopentenyl-diphosphate delta 
isomerase 2), GSTT2 (glutathione S-transferase 
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theta 2), and TYMP (thymidine phosphorylase), 
which may be adaptations that impact on fatty 
acid metabolism (PLA2G4C and FAAH2); the 
mevalonate pathway (synthesis of dolichols, vita- 
mins, steroid hormones, and cholesterol) (/D/2); 
detoxification (GST72); and pyrimidine metabo- 
lism (TYMP). Phylogenetic analysis shows that 
PLA2G4C was deleted ~87 to 97 million years 
ago in the laurasiatherian lineages (fig. S22). 
Strikingly, ~20% of the sequences from two 
abomasum (last chamber of the cattle stomach) 
EST libraries (a total of 2392 sequences) corre- 
spond to three C-type lysozyme genes. Lysozyme 
primarily functions in animals as an antibacterial 
protein, which suggests that they probably func- 
tion in the abomasum (similar to the monogastric 
stomach) to degrade the cell walls of bacteria 
entering from the foregut (30). The cattle genome 
contains 10 C-type lysozyme genes (table S14 
and fig. S23), and EST evidence (fig. S23) shows 
that six of the seven remaining C-type lysozyme 
genes are expressed primarily in the intestinal 
tract, which suggests additional roles for the 
encoded proteins in ruminant digestion. 

In summary, the biological systems most af- 
fected by changes in the number and organization 
of genes in the cattle lineage include reproduction, 
immunity, lactation, and digestion. We highlighted 
the evolutionary activity associated with chromo- 
somal breakpoint regions and their propensity for 
promoting gene birth and rearrangement. These 
changes in the cattle lineage probably reflect meta- 
bolic, physiologic, and immune adaptations due to 
microbial fermentation in the rumen, the herd 
environment and its influence on disease transmis- 
sion, and the reproductive strategy of cattle. The 
cattle genome and associated resources will 
facilitate the identification of novel functions and 
regulatory systems of general importance in mam- 
mals and may provide an enabling tool for genetic 
improvement within the beef and dairy industries. 
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Genome-Wide Survey of SNP 
Variation Uncovers the Genetic 
Structure of Cattle Breeds 


The Bovine HapMap Consortium* 


The imprints of domestication and breed development on the genomes of livestock likely differ 
from those of companion animals. A deep draft sequence assembly of shotgun reads from a single 
Hereford female and comparative sequences sampled from six additional breeds were used to 
develop probes to interrogate 37,470 single-nucleotide polymorphisms (SNPs) in 497 cattle from 
19 geographically and biologically diverse breeds. These data show that cattle have undergone a 
rapid recent decrease in effective population size from a very large ancestral population, possibly 
due to bottlenecks associated with domestication, selection, and breed formation. Domestication 
and artificial selection appear to have left detectable signatures of selection within the cattle genome, 
yet the current levels of diversity within breeds are at least as great as exists within humans. 


accompanied by adaptation, assimilation, 
and interbreeding of captive animals. In 
cattle (Bos taurus), this resulted in the develop- 


T= emergence of modern civilization was 


*The full list of authors with their contributions and affiliations 
is included at the end of the manuscript. 


ment of individual breeds differing in, for ex- 
ample, milk yield, meat quality, draft ability, and 
tolerance or resistance to disease and pests. How- 
ever, despite mapping and diversity studies (/—5) 
and the identification of mutations affecting some 
quantitative phenotypes (6-8), the detailed genetic 
structure and history of cattle are not known. 


Cattle occur as two major geographic types, 
the taurine (humpless—European, African, and 
Asian) and indicine (humped—South Asian, and 
East African), which diverged >250 thousand 
years ago (Kya) (3). We sampled individuals 
representing 14 taurine (” = 376), three indicine 
(n = 73) (table $1), and two hybrid breeds (n = 
48), as well as two individuals each of Bubalus 
quarlesi and Bubalus bubalis, which diverged 
from Bos taurus ~1.25 to 2.0 Mya (9, 10). All 
breeds except Red Angus (n = 12) were rep- 
resented by at least 24 individuals. We preferred 
individuals that were unrelated for >4 genera- 
tions; however, each breed had one or two sire, 
dam, and progeny trios to allow assessment of 
genotype quality. 

Single-nucleotide polymorphisms (SNPs) that 
were polymorphic in many populations were pri- 
marily derived by comparing whole-genome se- 
quence reads representing five taurine and one 
indicine breed to the reference genome assembly 
obtained from a Hereford cow (/0) (table S2). 
This led to the ascertainment of SNPs with high 
minor allele frequencies (MAFs) within the dis- 
covery breeds (table S5). Thus, as expected, with 
trio progeny removed, SNPs discovered within 
the taurine breeds had higher average MAFs 
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Fig. 1. (A) Population structure assessed by InStruct. Bar plot, generated 
by DISTRUCT, depicts classifications with the highest probability under 
the model that assumes independent allele frequencies and inbreeding 
coefficients among assumed clusters. Each individual is represented by a 
vertical bar, often partitioned into colored segments with the length of 
each segment representing the proportion of the individual's genome 
from K = 2, 3, or 9 ancestral populations. Breeds are separated by black 
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Principal Component 1 


lines. NDA, N'Dama; SHK, Sheko; NEL, Nelore; BRM, Brahman; GIR, Gir; 
SGT, Santa Gertrudis; BMA, Beefmaster; ANG, Angus; RGU, Red Angus; 
HFD, Hereford; NRC, Norwegian Red; HOL, Holstein; LMS, Limousin; CHL, 
Charolais; BSW, Brown Swiss; JER, Jersey; GNS, Guernsey; PMT, Piedmontese; 
RMG, Romagnola. (B) Principal components PC1 and PC2 from all SNPs. 
Taurine breeds remain separated from indicine breeds, and admixed breeds 
are intermediate. 
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within the taurine than the indicine breeds, and 
vice versa (table S5); about 30% of SNPs had 
MAFs >0.3 within the taurine breeds, whereas 
only about 19% had MAFs >0.3 within the in- 
dicine breeds (table S4). The proportions of SNPs 
in intergenic, intronic, and exonic regions were 
63.74, 34.9, and 1.35%, respectively, similar to 
their representation within the genome. We found 
that as few as 50 SNPs were necessary for par- 
entage assignment and proof of identity (table 
S9). Additionally, when we compared ancestries 


based on pedigree and allele-sharing between 
individuals, we were able to predict accurately 
the extent of ancestry when the pedigree was 
not known (fig. S24), which could be a useful 
tool for the management of endangered bovine 
populations. 

To examine relatedness among breeds, we an- 
alyzed SNP genotype frequencies with InSTRUCT 
(JJ) and performed principal component analysis 
(PCA) using Eigenstrat (/2) (Fig. 1 and fig. S27). 
Varying the number of presumed ancestral pop- 


REPORTS 


ulations (K) within INSTRUCT revealed clusters 
consistent with the known history of cattle breeds 
(Fig. 1A). The first level of clustering (K = 2) 
reflects the primary, predomestication division of 
taurine from indicine cattle. Consequently, breeds 
derived from indicine and taurine crosses (Beef- 
master, Santa Gertrudis, and Sheko) show sig- 
natures of admixture with both approaches. At 
K = 3, the African breeds N'Dama and Sheko 
separate from the European breeds—a division 
that reflects an early, possibly predomestication, 
divergence. PCA recapitulated these findings 
(Fig. 1B). At higher levels of K, we observed 
clusters that identify single breeds as closed en- 
dogamous breeding units. For example, at K = 9, 


+ ANGUS 

x HOLSTEIN 
¢N'DAMA 

x HEREFORD 
+BRAHMAN 


Jersey, Hereford, Romagnola, and Guernsey each 
form unique clusters. 

If modern breeds arose from bottlenecks from 
a large ancestral population, we should detect bot- 
tleneck signatures within patterns of linkage dis- 
equilibrium (LD) and effective population size. 
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Fig. 2. Effective population size in the past estimated from linkage disequilibrium data. Inset graph shows 
effective population size for the European humans over the same period; from (13). Breeds as in Fig. 1. 


Fig. 3. Nucleotide diver- A 
sity across five ENCODE 
regions resequenced in 

47 animals from ANG, 
Angus; BRM, Brahman; 

and HOL, Holstein. (A) 
Watterson’s estimate (6) 

of the population muta- 

tion rate per base pair 
(pooled across regions). 

(B) Average pairwise nu- 
cleotide distance (rc) within 
breeds. (C and E) Non- 
parametric bootstrap esti- 

mates of diversity ratios 
among the three popu- B 
lations on the basis of 6. 
(D and F) Nonparametric 
bootstrap estimates of di- 
versity ratios among the 
three populations on the 
basis of 7. 
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We found that the decline of -* with genetic dis- 
tance varied among breeds, although the decline 
was generally rapid (fig. S10). The extent of LD 
in cattle is greater than human (/3) but less than 
dog (/4). The Jersey and Hereford breeds had 
higher r* than other breeds across the range of 
distances separating loci. N’Dama had the high- 
est 7 values at short distances and the lowest 7* at 
long distances, which suggested that they were 
derived from a relatively small ancestral popula- 
tion not subjected to very narrow bottlenecks. 
The indicine breeds had lower 7* values at short 
distances and intermediate 7* values at longer dis- 
tances, which indicated that their ancestral popula- 
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tion was much larger than that from which taurine 
cattle were domesticated (Fig. 2). As the MAFs 
for utilized SNPs were generally high and the 
estimates of LD did not require phased chromo- 
somes, these results should be robust. 

When breeds were combined, the decline in 
LD was more rapid, which reflected a lack of 
conserved phase relations across breeds. We char- 
acterized the extent of haplotype-sharing among 
breeds between pairs of adjacent SNPs using the 
r statistic. A high correlation between r values 
between two breeds indicates that the same hap- 
lotypes tend to persist within both breeds. Corre- 
lations between r values for SNPs separated by 
10 kb were high among the taurine and indicine 
breeds but were low between these groups (fig. 
S11). Once SNPs are separated by 100 to 250 kb, 
we found little haplotype sharing between breeds. 
Clearly, phase relations dissipated as popula- 
tions diverged despite the relatively young ori- 
gin of all breeds. Breeds known to have a recent 
shared ancestry, notably, Angus and Red Angus; 
Holstein and Norwegian Red; and Beefmaster 
and Santa Gertrudis, showed a high correlation 
among r values for SNPs separated by 100 to 
250 kb. 

Breeds were expected to differ for effective 
population sizes (V.) on the basis of differences 
in the decline of r* with genetic distance (3). We 
estimated N. at various times in each breed’s 
history by setting average 7* values equal to their 
expectation (/5) (Fig. 2 and table S1). N. has 
recently declined for all breeds, which reflects 
bottlenecks associated with domestication, breed 
formation, and, in some breeds, recent intense 
selection for milk or beef production. In contrast, 
human J, has expanded exponentially over the 
same period (inset to Fig. 2). 

A smaller NV. suggests lower genetic diversity, 
which is of concern for species viability. To as- 
sess genetic diversity free from SNP ascertainment 
bias, we used the polymerase chain reaction to 
amplify and sequence 119 closely spaced fragments 


from five genomic regions on two chromosomes. 
Two of these regions were known to harbor quan- 
titative trait loci (QTL). Following the amplifica- 
tion of these regions from 18 Angus, 16 Holstein, 
and 5 Brahman, the individual segments were 
Sanger-sequenced to detect SNPs. Of the 1201 dis- 
covered SNP, only 258 were common to taurine 
and indicine breeds, consistent with their age of 
divergence. Remarkably, 569 SNP (47.4%) were 
unique to Brahman, and 365 SNP (30.4%) were 
found only in Angus or Holstein, with 169 SNP 
(46.3%) common to both breeds. This suggests 
that breeds represent partly overlapping sub- 
samples within the taurine diversity. However, 
seven times as many taurine animals had to be 
sequenced to uncover 75.3% as many SNPs as 
were discovered in indicine animals. Estimates of 
the unascertained genomic distributions of SNPs 
by MAFs within taurine and indicine breeds are 
in fig. S19. 

Diversities as measured by the population 
mutation rate (8) and pairwise nucleotide hetero- 
zygosity (1) were also estimated for the 119 frag- 
ments and compared between the three breeds 
(Fig. 3). Angus and Holstein have similar levels 
of nucleotide diversity measured by both statis- 
tics (~1.4 x 10>) and have ~40% more nucleo- 
tide variation than is found in human populations 
(~1.0 x 103). Brahman variation was even higher, 
with average estimates of @ and x of 3.35 x 10° 
and 2.74 x 10-7, respectively. These correspond to 
densities of | SNP every 714 bp for pairs of Angus 
or Holstein chromosomes and 1 SNP every 285 bp 
for pairs of Brahman chromosomes. These re- 
sults demonstrate that genetic diversity in cattle is 
not low despite the decline in N.. 

The lower genetic diversity within modern 
taurine cattle could reflect a lower diversity with- 
in the predomestication ancestral population, 
and/or postdomestication effects of stronger bot- 
tlenecks at breed formation and stronger selec- 
tion for docility and productivity. Selection is 
unlikely to be the primary cause, because the 


diversity distributions for 8 and x were similar 
for all five sequenced regions, and only one 
region revealed a signature of selection. On the 
other hand, Fig. 2 suggests that the predomes- 
tication N. of indicine cattle, which originated in 
southern Asia, a center of species diversity, was 
much larger than that of taurine cattle. Finally, 
the process of breed formation in European tau- 
rine cattle involved sequential limited migra- 
tions from the center of domestication in west 
Asia (5). Diversity declines with distance from 
primary sites of domestication (4) and ancient 
DNA from domesticated cattle and aurochs in 
Europe show that there was essentially no gene 
flow from the aurochs into domesticated cattle 
(5). Therefore, the evidence suggests that the 
current difference in diversity is mainly due to 
progenitor population diversity and bottleneck 
effects at, and before, breed formation rather than 
differences in the intensity of natural or artificial 
selection postdomestication. 

Cattle have been marked by selection during 
domestication, breed formation, and ongoing se- 
lection to enhance performance and productivity. 
We utilized three methods to detect genomic se- 
lection in cattle: (1) the iHS statistic, which identi- 
fies regions of increased local LD (/6) suggestive 
of directional selection; (ii) the Fsr statistic, a 
measure of the degree of differentiation between 
subpopulations (/7); and (iii) the composite like- 
lihood ratio test (CLR) (8), which assumes a 
selective sweep model (0). The 1HS method was 
limited by low SNP density and our inability to 
completely specify ancestral SNP allele states (70). 
However, despite these limitations, we found evi- 
dence for selective sweeps on chromosomes 2, 6, 
and 14 (table S8 and fig. S20). We identified se- 
lection near MSTN, in which mutations can cause 
double muscling (6). Similarly, high iHS values 
were found in the region near ABCG2 in which 
mutations cause differences in milk yield and 
composition (8). A peak in iHS values was also 
identified within a gene poor region of chromo- 


Table 1. Genomic regions associated with extreme F<; values with gene content consistent with domestication. F,; values averaged over eight adjacent 
SNP. Gene functions from OMIM and NCBI Gene database, except for R3HDM1 described in (2). 


Genes Index SNP Fst BTA Location Effect or important phenotypes 
High values 
ZRANB3, R3HDM1 1529021800 0.31 2 64740286...64931017 Feed efficiency 
WIF1 BTA-27454 0.29 5 52696749...53098507 Mammalian mesoderm segmentation 
SPOCK1 BTA-142690 0.30 7 47501122...47899778 Proteoglycan—synaptic fields of the developing CNS 
NBEA BTA-153392 0.34 12 25884192...26189285 Human idiopathic autism 
NMT1, DCAKD, C1QL1 BTA-45533 0.31 19 46088946...46157261 Activator of serum complement system 
DACH2, CHM, POU3F4, BRWD3 BTA-161991 0.39 X 41471338...44478564 Human mental retardation 
NLGN3 to DGAT2L6 BTA-164256 0.36 X 49279035...50192452 Severe combined immunodeficiency 
Low values 
PPARGC1A, DHX15, SOD3 BTC-039516 0.04 6 45354707...45415844 Antioxidative extracellular protection 
No known gene BTC-049723 0.05 14 4569804...5204473 
DNAH9 rs29018632 0.05 19 30943404...31220868 Multisubunit molecular motor 
POU5F1, MHC BTA-55856 0.05 23 27895932...28145846 Major histocompatibility complex 
ZNF187 rs29024230 0.04 23 30241236...30502690 Expressed in olfactory tissues 
AUTS2 BTC-074065 0.04 25 31773107...32498861 Human autism susceptibility candidate 
RYR2 rs29011563 0.05 28 8736599...8772178 Stress- and exercise-induced sudden cardiac death 
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some 14 adjacent to a region containing genes 
from KHDRBS3 to TG, associated with intra- 
muscular fat content in beef (/9). 

Calculation of Fgz across all populations for 
each SNP detected both balancing and divergent 
selection (fig. S20). Some of the highest and lowest 
average Fgr values were found in genes associated 
with behavior, the immune system, and feed ef- 
ficiency (Table 1). Domestication most likely re- 
quired the selection of smaller and more docile 
animals that could resist pathogens and adapt to a 
human-controlled environment (20). One region 
under selection contains R3HDM1 and is asso- 
ciated with efficient food conversion and intramus- 
cular fat content in some breeds (2). In addition to 
the R3HDM1 gene (21), this region is also under 
selection in Europeans, most likely because it con- 
tains LCT, mutations of which allow the digestion 
of lactose in adults (22). These results suggest that 
mutations in this region may affect energy ho- 
meostasis. Furthermore, we detected selection 
between beef and dairy breeds with both CLR 
and iHS, represented by a broad, high Fsr peak 
across the region, centered on SPOCK] (Table 1). 
As several QTL have been mapped to this region, 
multiple loci could be under divergent selection 
(J), although this peak does not encompass CAST, 
which affects meat quality (23). 

Our high resolution examination of cattle 
shows that unlike the dog—which has restricted di- 
versity and high levels of inbreeding—domesticated 
cattle had a large ancestral population size and 
that more aurochs must have been domesticated 
than wolves; reducing the severity of the domes- 
tication bottleneck. SNP diversity within taurine 
breeds was similar to that of humans, but was 
significantly less than diversity within indicine 
breeds, which suggested that the Indian sub- 
continent was a major site of cattle domestica- 
tion and predomestication diversity. Selection 
first for domestication and then for agricultural 
specialization have apparently reduced breed 
effective population sizes to relatively small 
numbers. The recent decline in diversity is suf- 
ficiently rapid that loss of diversity should be of 
concern to animal breeders. Despite this, popula- 
tion levels of LD are unexpectedly low consid- 
ering the relatively small N., which indicates that 
effective population sizes were much larger in the 
very recent past. 
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Sheep Domestication Using 
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The domestication of livestock represented a crucial step in human history. By using endogenous 
retroviruses as genetic markers, we found that sheep differentiated on the basis of their “retrotype” 
and morphological traits dispersed across Eurasia and Africa via separate migratory episodes. 
Relicts of the first migrations include the Mouflon, as well as breeds previously recognized as 
“primitive” on the basis of their morphology, such as the Orkney, Soay, and the Nordic short-tailed 
sheep now confined to the periphery of northwest Europe. A later migratory episode, involving 
sheep with improved production traits, shaped the great majority of present-day breeds. The ability 
to differentiate genetically primitive sheep from more modern breeds provides valuable insights 


into the history of sheep domestication. 


cultivation of cereals, legumes, and the 

rearing of domesticated livestock, de- 
veloped within Southwest Asia ~11,000 years 
before present (yr B.P.) (7, 2). By 6000 yr B.P., 
agro-pastoralism introduced by the Neolithic 
agricultural revolution became the main system 
of food production throughout prehistoric Eu- 
rope, from the Mediterranean north to Britain, 
Ireland, and Scandinavia (3); south into North 
Africa (4); and east into West and Central Asia 
(5). 

Sheep and goats were the first livestock 
species to be domesticated (6). Multiple domes- 
tication events, as inferred by multiple mitochon- 
drial lineages, gave rise to domestic sheep and 
similarly other domestic species (7—/0). Initially, 
sheep were reared mainly for meat but, during the 
fifth millennium B.P. in Southwest Asia and the 
fourth millennium B.P. in Europe, specialization 


T=: first agricultural systems, based on the 


for “secondary” products such as wool became 
apparent. Sheep selected for secondary products 
appear to have replaced more primitive domestic 
populations. Whether specialization for second- 
ary products occurred first in Southwest Asia or 
occurred throughout Europe is not known with 
certainty, owing to the lack of definitive archae- 
ological evidence for the beginning of wool 
production (6, //, 12). 

For this study, we used a family of endoge- 
nous retroviruses (ERVs) as genetic markers to 
examine the history of the domestic sheep. ERVs 
result from the stable integration of the retrovirus 
genome (“provirus’’) into the germline of the host 
(73) and are transmitted vertically from genera- 
tion to generation in a Mendelian fashion. The 
sheep genome contains at least 27 copies of 
ERVs related to the exogenous and pathogenic 
Jaagsiekte sheep retrovirus (enJSRVs) (4-16). 
Most enJSRVs loci are fixed in domestic sheep, 


but some are differentially distributed between 
breeds and individuals (i.e., they are insertionally 
polymorphic) (/4). enJSRVs can be used as high- 
ly informative genetic markers because the pres- 
ence of each endogenous retrovirus in the host 
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Fig. 1. Worldwide distribution of insertionally polymorphic enJSRVs. 
Distribution of the insertionally polymorphic enJSRV loci analyzed in this 
study in 65 sheep populations representing local breeds from the Old 
World. (A) Frequencies of each enJSRV locus in each population are 
represented by a vertical bar and arranged in descending order. Insertion 
frequencies were obtained with the software Arlequin 3.11 (27); the 
absence of a specific enJSRV provirus was treated as a recessive allele. (B) 
Locations of sheep populations sampled. (C to F) Interpolation maps 


Fig. 2. Combination of enJSRV proviruses (retro- 
types) in the domestic sheep. Pie charts in the 
figure represent the frequency of each retrotype in 
the 65 populations tested. Each sheep tested was 
assigned a retrotype on the basis of the combina- 
tion of insertionally polymorphic enJSRV provi- 
ruses present in their genome. Retrotypes RO to 
R14 were defined as follows: RO = no insertionally 
polymorphic enJSRVs; R1 = enJSRV-7; R2 = 
enJSRV-18; R3 = enjS5F16; R4 = enjSRV-7 + 
enJSRV-18; R5 = enjSRV-7 + enJS5F16; R6 = 
enJSRV-18 + enJS5F16; R7 = enJSRV-7 + enjSRV- 
18+ enJS5F16; R8 = enJSRV-8; R9 =enJS5F16 + 
enJSRV-8; R10 = enJSRV-7 + enJS5F16 + enJSRV-8; 
R11 = enJSRV-18 + enJSRV-8; R12 = enJSRV-18 + 
enJS5F16 + enJSRV-8; R13 = enJSRV-7 + enJSRV- 
18 + enJSRV-8; R14 = enJSRV-7 + enjJSRV-18 + 
enJS5F16 + enJSRV-8. Each retrotype is repre- 
sented with a different color (and pattern) as 
indicated in the figure. Numbers beside each pie 
chart indicate each of the 65 populations tested as 
indicated in table $1. Most of the populations in 
Southwest Asia, Central Asia, Southern Europe, 
and Africa possess R2 (i.e., presence of enJSRV-18 
only, shown in green) as the predominant 
retrotype. Around the Mediterranean basin there 
is also a high proportion of R4 given by the 
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displaying the spatial distribution of estimated enJSRVs frequencies. The 
geographical variation was visualized with the “Spatial Analyst Extension” 
of ArcView GIS 3.2 software (ESRI, Redlands, California, USA). Interpolated 
map values were calculated by using the inverse distance weighted with 12 
nearest neighbors and a power of 2, and interpolation surfaces were 
divided into 13 classes with higher insertion frequencies indicated by 
darkest shading. The central point of the sampling area was used as 
geographic coordinates for each population (table $1). 
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contemporary presence of enJSRV-7 and enJSRV-18 (shown in yellow). The primitive breeds are characterized by a high proportion of animals with RO (no 
insertionally polymorphic proviruses, shown in white) or R1 (presence of enJSRV-7 only, shown in red). A “Nordic” retrotype, R3 (shown in blue), was 
characterized by a low frequency of enJSRV-18 and a high frequency of enJS5F16; Nordic populations also had a relatively high frequency of sheep with none 


of the insertionally polymorphic proviruses tested. 
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Fig. 3. Genetic distances between sheep populations on the basis of 
enJSRVs insertion frequencies. (A) Multidimensional (MDS) scaling plot 
computed from the matrix of Nei’s unbiased genetic distances (TFPGA 1.3 
software) (28). The dominant nature of the enJSRVs as genetic markers was 
considered in all analyses. The matrix of interpopulation distances was 
summarized in two dimensions by use of MDS analysis as implemented by 
STATISTICA ‘99 software (StatSoft, Tulsa, Oklahoma, USA). Each triangle 
represents one of the 65 populations tested. In the graph, only those 
populations outside the main cluster (enclosed within the square with the 
broken line and including most breeds from Africa, Asia, and Europe) have 
been named. (B) Tridimensional plot summarizing data obtained by PCA of 
the insertionally polymorphic enJSRV proviruses in the 65 sheep popu- 
lations tested with the Proc Factor of the statistical package SAS/STAT (SAS 
Institute, Cary, North Carolina, USA) according to the recommendations by 
Cavalli-Sforza et al. (29). Four factors, accounting for 86.66% of variation, 


Fig. 4. Morphological charac- 
teristics of primitive breeds. 
Breeds identified in this study 
as remnants of the first sheep 
migrations possess morpho- 
logical characteristics (such as 
darker, coarser fleece; moult- 
ing coat; frequent presence of 
horns in females) similar to 
those of wilder sheep and the 
Mouflon. (A) Urial sheep; (B) 
Cyprus Mouflon; (C) Mediterra- 
nean Mouflon; (D) Orkney sheep; 
(E) Soay sheep; (F) Gute sheep; 
(G) Aland sheep; (H) Icelandic 
sheep; and (I) Hebridean sheep. 


Factor 1 


with eigenvalue > 1 were identified. Factor 1 (on the x axis) explained 
30.09% of variation and can be interpreted as the “Northern Sea factor,” 
distinguishing between a group of populations formed from some United 
Kingdom and continental European (including Denmark and Texel) sheep 
populations and the others. Factor 2 (on the y axis) explained 23.58% of 
variation separating the Texel population from the rest. Factor 3 (on the z 
axis) explained 22.92% of variation and can be interpreted as the 
“primitive breed factor,” distinguishing the group of populations formed 
by the Mouflon and Scandinavian populations (including the Hebridean, 
Orkney, and Soay populations) from the rest. For clarity, the populations 
that form the main cluster have not been named. 
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genome is the result of a single integration event in 
a single animal and is irreversible, so populations 
sharing the same provirus in the same genomic 
location are de facto phylogenetically related. 

We analyzed genomic DNA samples col- 
lected from 1362 animals belonging to 133 breeds 
of the domestic sheep (Ovis orientalis aries, 
usually referred to as Ovis aries) and closest wild 
relatives (see below) divided into 65 groups 
formed by one or more breeds sharing a common 
geographical location and/or breeding links (table 
S1) (/7). Samples tested also included the Urial 
sheep (Ovis vignei) and the Mediterranean and 
Asiatic Mouflon (Ovis orientalis musimon, Ovis 
orientalis ophion, and Ovis orientalis orientalis). 
Most of the breeds that we studied are local, his- 
torically related to specific geographical areas, 
and not subjected to the intensive breeding pro- 
grams of commercial flocks. 

Samples were tested for the presence or ab- 
sence of six independently inherited insertionally 
polymorphic enJSRVs (enJSRV-18, enJSRV-7, 
enJSRV-8, enJSRV-15, enJSRV-16, and 
enJSSF16) by polymerase chain reaction with 
two sets of primers that amplify, respectively, the 
5’ and 3’ long terminal repeats (LTRs) of each 
provirus (including the flanking genomic DNA 
sequences of the host) as described (/4, 17). 
Provirus enJSRV-18 had by far the highest 
frequency in our data set (85%); enJSRV-7 and 
enJSSF16 were detected in 27% and 30% of the 
samples, respectively; and enJSRV-15, enJSRV- 
16, and enJSRV-8 were present in only 3 to 5% of 
the samples (Fig. 1A). 

We inferred the distribution of the insertion- 
ally polymorphic enJSRV loci in the earliest do- 
mesticated sheep by determining their occurrence 
in the Urial sheep and in the Mediterranean/ 
Asiatic Mouflon, and then by verifying the mo- 
lecular signatures indicative of the age of a pro- 
virus. The estimated divergence between the 
Urial (one of the closest living relatives of the 
domestic sheep) and the domestic sheep is 
~800,000 yr B.P. (/8). Consequently, any pro- 
virus that is shared between these two species 
will predate the process of domestication. The 
same is true for the Asiatic Mouflon, which is 
believed to be the direct ancestor of the domestic 
sheep (19-21), whereas the closely related 
Mediterranean Mouflon is thought to be the 
remnant of the first domesticated sheep readapted 
to feral life (79, 22, 23). Despite its widespread 
distribution in the samples tested, enJSRV-18 
was absent from the Urial sheep (n = 5), the 
Mediterranean Mouflon (7 = 17), and the Asiatic 
Mouflon (7 = 15). By contrast, the relatively rarer 
enJSRV-7 was detected in three of five Urial 
sheep, in most (86%) Asiatic Mouflons, and in all 
Mediterranean Mouflons. These data suggest that 
the integration of enJSRV-7 in the germline of the 
host predates the integration of enJSRV-18. Dif- 
ferences between the proximal (5’) and distal (3’) 
LTRs of enJSRV-7 confirm its antecedence. The 
divergence between the 5’ and 3’ LTR gives an 
estimate of the “age” of an endogenous provirus 


because upon infection, retroviruses reverse 
transcribe their genome from RNA into DNA, 
and during this process they duplicate the 
genomic ends, giving rise to two identical LTRs. 
Proximal and distal LTRs of an endogenous 
retrovirus must be identical upon integration, but 
can diverge over time at the same rate as 
noncoding sequences (~2.3 x 10° to 5 x 10° 
substitutions per site per year). enJSRV-7 appears 
to be the oldest provirus in our samples because it 
displays five nucleotide (nt) substitutions be- 
tween 5' and 3’ LTRs (445 nt long), whereas all 
the other insertionally polymorphic proviruses 
(including enJSRV-18) have identical LTRs. 
These data suggest that the populations originat- 
ing from the earliest domesticated sheep did not 
carry any of the insertionally polymorphic 
enJSRVs used in this study or carried enJSRV-7. 

To visualize the geographical variation of all 
enJSRV loci, we constructed interpolation maps 
from their insertion frequency values (Fig. 1, B to 
F). The highest frequency of enJSRV-7 was 
found in the Mediterranean Mouflon and in Soay 
sheep now inhabiting the island of St. Kilda off 
northwest Scotland (Fig. 1C). enJSRV-18 was 
uniformly distributed at very high frequencies 
throughout the Old World. Low frequencies of 
enJSRV-18 were observed in the islands inhab- 
ited by the Mediterranean Mouflon and in pe- 
ripheral regions of northwest Europe (Fig. 1D). 
Two enJSRV proviruses, enJSS5F16 and enJSRV- 
8, showed a similar geographical pattern with a 
high frequency in the British Isles and Scandi- 
navia (Fig. 1, E and F). The less common 
enJSRV-15 and enJSRV-16 had less obvious 
geographical patterns (fig. S1). 

We then analyzed the combination of inser- 
tionally polymorphic enJSRVs (which we call 
“retrotype”) in each of the populations analyzed 
(Fig. 2). The R2 retrotype (representing the 
presence of enJSRV-18 only) was the predomi- 
nant retrotype in most of the populations tested. 
The R4 retrotype, indicating presence of enJSRV- 
18 and enJSRV-7 together (Fig. 2), was another 
common retrotype in the area corresponding to 
the historical Phoenicia and in southern Europe, 
suggesting that maritime trade and colonization 
had a major influence on sheep movement in the 
Mediterranean, as confirmed by studies using 
sheep mitochondrial DNA variation (24, 25). 
Additional enJSRV insertions accounted for 
more complex retrotypes of populations in north- 
ern Europe (see also supporting online text). 
Sheep populations in Africa, Pakistan, and China 
displayed a similarly homogeneous R2 retrotype 
pattern common to the populations in Southwest 
Asia, suggesting direct migratory links of do- 
mestic sheep between these areas. Most of the 
populations from Scandinavia displayed retro- 
types similar to those of Icelandic and the Faeroe 
Island populations, supporting the historically 
registered movements of the Norse settlers during 
the later first millennium C.E. (26). To visualize 
the genetic relationship of the tested populations, 
we analyzed the data using two different ap- 
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proaches: a multidimensional scaling (MDS) plot 
obtained from the interpopulation matrix of Nei’s 
unbiased genetic distances and principal compo- 
nent analysis (PCA) computed from the correla- 
tion matrix among enJSRV insertion frequencies. 

The MDS analysis revealed a marked sepa- 
ration (particularly evident in the first dimension) 
between the great majority of domestic breeds 
and an outer group formed by the Mouflon, Soay 
sheep, Hebrideans, Orkney sheep, Icelandic, and 
Nordic breeds (Fig. 3A). Similar results were 
obtained by PCA (Fig. 3B). 

Collectively, the data we obtained indicate 
that relicts of the first migrations are still present 
in the Mouflon of Sardinia, Corsica, and Cyprus 
and in breeds in peripheral north European areas. 
On the basis of their retrotypes, these primitive 
populations are characterized by the absence of 
enJSRV-18 (fixed in most of the modern breeds) 
and either the presence of enJSRV-7 in high 
frequency or the lack of insertionally polymor- 
phic enJSRVs (including enJSRV-7). By contrast, 
the retrotypes of the great majority of sheep 
breeds cluster together and are characterized by 
the high frequency or fixation of enJSRV-18. 

The homogeneous retrotypes (R2 only, or 
both R2 and R4) that we observed in the sheep of 
modern-day Turkey, Iran, Saudi Arabia, Syria, 
Israel, and Egypt, combined with available 
archaeological evidence, suggest that selection 
of domestic sheep with the desired secondary 
characteristics common to the modern breeds 
occurred first in Southwest Asia and then spread 
successfully into Europe and Africa, and the rest 
of Asia. This may provide genetic support to the 
theory that specialized wool production arose in 
Southwest Asia and then spread throughout 
Europe (//). The primitive breeds survived the 
second migrations of improved breeds from 
Southwest Asia by returning to a feral or semi- 
feral state in islands without predators or by 
occupying inaccessible areas less prone to com- 
mercial exchanges and associated introgression. 
Most, if not all, of the breeds we identified as of 
ancient origin were already considered primitive 
on the basis of morphological traits such as a 
darker and coarser hair (instead of a whiter 
woolly fleece), a moulting coat, and the frequent 
presence of homs in females as well as males 
(Fig. 4). 

Our study also provides genetic evidence 
supporting the anecdotal origin of some less 
common sheep breeds. For example, one of the 
10 populations analyzed from the British Isles, 
the Jacob sheep, displayed a homogeneous R2 
retrotype very different from that of the other 
British populations and more similar to that of the 
southwestern Asiatic and African breeds. The 
origins of the Jacob are unknown. This breed 
owes its name to the Biblical story of Jacob who 
took “every speckled and spotted sheep” as a 
wage from his father-in-law Laban (Genesis 
30:25—43; probably the first recorded use of se- 
lective breeding in livestock). Our retrotype anal- 
ysis supports a direct link between the Jacob 
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sheep and breeds in Southwest Asia or Africa 
rather than other British breeds. Our study also 
firmly links the Soay sheep with the Mediterra- 
nean and Asiatic Mouflon. 

In conclusion, the polymorphic nature of 
enJSRVs revealed a remarkable secondary pop- 
ulation expansion of improved domestic sheep, 
most likely out of Southwest Asia, providing 
valuable insights into the history of pastoralist 
societies whose economy included sheep hus- 
bandry. By differentiating genetically primitive 
breeds from moder ones, our study offers a 
rationale for identifying and preserving rare gene 
pools. Finally, we demonstrate the utility of 
ERVs as a new class of genetic markers used to 
unravel the history of a domesticated species. 
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The rugged EchoTherm Models HP51 and HS51 Digital Hot Plates and Digital Stirring Hot 
Plates are designed for large samples. The units feature membrane keyboards and full- 
function liquid crystal displays where all parameters are continuously visible. They can 
store two settings in memory for instant recall and use at any time. They are suitable for 
use with large samples in chemical, pharmaceutical, environmental, biochemical, elec- 
tronic, and other laboratories where temperature accuracy, ease of use, and reproduc- 
ible sample preparations are a must. Tops are available in a choice of chemically resis- 
tant ceramic and milled-flat cast aluminum. Both tops are 12-inch squares. Temperatures 
can be set up to 450°C on the ceramic tops and to 400°C on the cast aluminum, which are 
recommended for working with solids directly on the heater plate surface. Stirrer speeds 


can be set from 100 rpm to 1,500 rpm. 


Laser Scanning Microscopes 

The LSM 700 laser scanning microscope for materials research allows 
precise, three-dimensional imaging of surfaces. The combination 
of fluorescence and reflection techniques enables high-precision 
examinations of semiconductors, metal, glass, and polymers with 
high information content. The integrated detection of fluorescence 
signals on and in the materials provides additional information. The 
easy-to-use system permits precise capture of three-dimensional 
topography or the determination of finest roughness, for example, 
without damaging the surface. 

Carl Zeiss Microlmaging 

For information +49-(0)-3641/642770 

www.zeiss.de/micro 


Fluorescence Detection 

A patented new ultramicrovolume fluorescence lens cell is designed 
to address the need for researchers to carry out clinical, biochemical, 
and pharmaceutical studies cost-effectively by performing 
ultraviolet/visible light spectrofluorometer analysis on samples of 
5 microliters or less. It provides a practical solution when samples 
cannot be prepared in or diluted to larger volumes. Because it offers 
good sensitivity even in very small volumes, the Type 19FL ultramicro 
cell is suited for molecular biology and forensic applications, as 
well as proteomics applications in which the sensitivity of the cell 
is sufficiently high to measure native fluorescence of proteins 
prepared in microliter quantities. The cell design also allows most of 
the sample to be recovered. 

Starna 

For information 800-228-4482 

www.starna.com 


Custom Protein Expression Services 

A new custom service, baculoXPRESS is a suite of comprehensive 
baculovirus expression services that can be tailored to individual 
requirements. The new services can provide customers with multiple 
recombinant viruses quickly and cost-effectively. Services include 
gene synthesis; polymerase chain reaction cloning; subcloning; 
production of recombinant viruses using flashBAC, flashBACGOLD, 
or flashBACULTRA virus DNA; expression optimization; protein 
production and purification; and next-day virus titration using 
baculoQUANT methodology. 

Oxford Expression Technologies 

For information +44-(0)1865-483-236 

www.oetltd.com 


H NOLO 


New Products 


Torrey Pines Scientific 
For information 866-573-9104 
www.torreypinesscientific.com 


Automatic Melting Point Detection 

The SMP4O automatic melting point detection apparatus incorpor- 
ates the latest digital video imaging technology to detect and 
capture the melting point of up to three samples simultaneously. 
With a color VGA screen to view the melting process in real time or 
retrospectively, the SMP4O introduces an innovative split-design 
concept for maximum footprint flexibility. For example, the sample 
side of the apparatus can be located at the back of the bench or 
even in a fume cupboard, while the control side detects which way 
the unit is being used and adjusts the screen orientation accordingly. 
Around 200 results can be stored in the form of AVI video files. 
Features include a safety hood to protect samples and act as a light 
shield, a capillary storage drawer with integral glass cutter, and a 
sample storage area. 

Bibby Scientific 

For information +44-(0)-844-936-0234 

www.bibby-scientific.com 


Fast Image Capture 

Version 4.7.2 of AxioVision software enables fast image capture 
using the CellObserver SD and Laser TIRF 3 microscope systems. 
AxioVision now enables the combination of high-speed image 
capture under physiological conditions (such as incubation) and 
fast confocal microscopy, enhancing three-dimensional living 
cell imaging. The new software also permits the analysis of near- 
membrane processes at a high temporal resolution. 

Carl Zeiss 

For information +49-(0)-3641-642770 

www.zeiss.de/micro 


Flow Cytometer System 

The Accuri C6 Flow Cytometer System includes two lasers and six 
detectors in only 2 square feet. The system includes blue and red 
lasers (488 nm and 640 nm), four fluorescence detectors, and two 
scatter detectors (forward and side). It features simple setup, with 
no detector voltage or gain adjustment required. Its software has an 
intuitive user interface designed with the researcher in mind. This 
cytometer works with current reagents and protocols, and data can 
be exported to popular third-party packages. 

Accuri Cytometers 

For information 734-994-8000 

www.accuricytometers.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 
are featured in this space. Emphasis is given to purpose, chief characteristics, and availabilty of products and materials. Endorsement by Science or AAAS of any 
products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 
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From the journal Science 


POSITIONS OPEN 


&, 
DIRECTOR OF CYTOGENETICS 


The successful candidate will review and ana- 
lyze patient test results to aid diagnosis in a 
clinical laboratory setting. Candidate will be ana- 
lyzing cytogenetics and array comparative ge- 
nomic hybridization—based diagnostic cases to 
review chromosomal and genetic abnormalities. 
Candidate should be well versed with oncology-, 
microarray-, and cytogenetics-based literature. 

Qualifications: M.D. and/or Ph.D. in a 
relevant field and Board-certified in cytogenetics 
and/or molecular genetics. 

Please send your resume to e-mail: genpath@ 
genpathdiagnostics.com. For more informa- 
tion, please visit us at website: http:// 
wwwgenpathdiagnostics. com. 


DIRECTOR OF THE SUPERCOMPUTING 
INSTITUTE FOR ADVANCED 
COMPUTATIONAL RESEARCH 
and Tenured Faculty Member at the 
University of Minnesota 


The University of Minnesota—Twin Cities invites 
applications for the position of Director of the Uni- 
versity of Minnesota Supercomputing Institute for 
Advanced Computational Research (MSI). The Di- 
rector will also hold a tenured faculty position in an 
appropriate academic department. 

MSI has a long and distinguished history in pro- 
moting high-performance computational research and 
serving the high-end computational needs of the Uni- 
versity’s physical science and engineering community, 
while more recently expanding its scope to address 
the growing importance of computation in the bio- 
medical and life sciences as well as emerging infor- 
matics demands across the disciplines. The mission 
of MSI spans both compute-intensive applications 
and data-intensive applications across the full spec- 
trum of high-performance research computing at the 
University. 

We offer a very competitive salary and benefits pack- 
age, including an excellent retirement package. 

Please see the employment section at website: 
http://www.msi.umn.edu for details on this position, 
including application instructions, as well as detailed 
information about the Supercomputing Institute. 

The University of Minnesota is an Equal Opportunity Edu- 
cator and Employer; women and members of underrepresented mi- 
norities are strongly encouraged to apply. 


RESEARCH AND TECHNICAL STAFF 
POSITIONS, 
NORTHWESTERN UNIVERSITY 

The Keck Inorganic Signatures of Life Program in 
collaboration with the Quantitative Bioelement Im- 
aging Center (QBIC) (website: http://www.clp. 
northwestern.edu) and Northwestern University 
Atomic- and Nanoscale Characterization Experimental 
(NUANCE) Center (website: http://www.nuance. 
northwestern.edu) at Northwestern University have 
openings for two Keck Fellows and one technical 
staff member with backgrounds in cryobiological sam- 
ple preparation, electron microscopy, element spe- 
cific characterization, and/or oocyte maturation and 
fertilization. The Fellows, appointed at a Postdoctoral 
or Research Assistant Professor level, depending on 
qualifications, will work as part of a collaborative team 
with Professors Vinayak Dravid, Teresa Woodruff, 
and Thomas O’ Halloran using a variety of S/TEMs 
including customized Hitachi STEM configured with 
HAADF, EELS, and dual EDS. The technical staff po- 
sition is ‘primarily for biological sample preparation, 
especially oocytes, for SEM/TEM. Send applications 
and three references to: Mr. Kim Mccumber, e-mail: 
ohalloran-ofc@northwestern.edu. Northwestern Univer- 
sity is Equal Employment Opportunity Commission compliant. 


POSITIONS OPEN 


COMSERVeTIONM 
in TEAS AT Std. 
SENIOR VICE PRESIDENT, SCIENCE + 
KNOWLEDGE, CONSERVATION 
INTERNATIONAL 


Conservation International seeks a Senior Vice 
President (SVP) with full responsibility for develop- 
ing and implementing CI’s science-to-action agenda 
to support CI’s new mission of delivering human 
well-being through conservation of healthy ecosys- 
tems and their goods and services. SVP will lead stra- 
tegic, programmatic, and financial operations of CI’s 
Science + Knowledge, global staff, and will play a 
prominent leadership role in communications, fund 
raising, and partnerships throughout the local, na- 
tional, and international communities where we work, 
SVP will bring internationally significant credentials, a 
proven track record of successful leadership, fund 
raising at the multimillion dollar level, management 
of people, fiscal oversight of large programs, out- 
standing communication skills, and the ability to set 
priorities and achieve aggressive results as a change 
agent. Experience establishing the linkage between 
ecosystem services and human welfare of particular 
interest. A background in biodiversity and/or conser- 
vation ecology science is a plus. Requires Ph.D. and 
12-plus years of experience. Review of applications 
will start immediately and continue until the position 
is filled, ideally on or before July 1, 2009. To view 
full job description and submit your required material, 
please visit website: http: //www.conservation.org/ 
discover /careers /Pages /default.aspx. 

Worldwide candidates welcome. Equal Opportunity 
Employer. 


SCIENCE DIRECTOR, ENERGY CENTER 
Utah State University 

Applications are sought from highly qualified indi- 
viduals to direct the science operations of the Energy 
Center (EC) on the Utah State University campus. 
The EC is supported by the Utah Science Technol- 
ogy and Research Initiative (USTAR) and is a high- 
energy, team-oriented organization that is pioneering 
the development of novel technologies for the use of 
algae in the production of liquid fuels and high-value 
compounds. Qualified applicants will have a Ph.D. in 
a relevant field and a demonstrated research program 
in some area related to phototrophic microbes. A strong 
record of coordinating science programs is preferred. 
A tenured or tenure-track faculty position in a USU 
department is available depending on qualifications. 
Applicants shall possess effective oral, written, and 
interpersonal communication skills. Postdoctoral or 
industrial research experience is desirable. USU is clas- 
sified as a Carnegie Doctoral/Research University- 
Extensive, and is located in a rapidly growing region 
of northeastern Utah. A letter of application, curric- 
ulum vitae, a one-page statement of research inter- 
ests, a one-page statement of teaching interests, and 
a list of four professional references must be submitted 
through the online system at website: http://jobs. 
usu.edu /applicants /Central?quickFind=54019. Re- 
view of applications will begin on May 18, 2009, and 
will continue until the position is filled. USU is an Equal 
Opportunity Employer. USU is a National Science Founda- 
tion ADVANCE Gender Faculty Program recipient and is ded- 
icated to recruiting stellar candidates from a diverse pool including 
women and minorities. Women and minority candidates are en- 
couraged to apply, and spousal accommodation may be possible for 
dual-career couples. 


We deliver 
customized job alerts. 


www.ScienceCareers.org 
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ONE GREAT IDEA. 
TWO PAGES TO FILL OUT. 
$100,000 TO PROVE IT. 


The Bill & Melinda Gates Foundation seeks bold ideas from innovative 
thinkers to solve the greatest challenges in global health. 


As part of our Grand Challenges Explorations initiative, grants of 
$100,000 are awarded two times a year. Projects that show great promise 


have the opportunity to receive a subsequent grant of $1 million or more. 


Proposals will be accepted March 31 through May 28, 2009. 


www.grandchallenges.org/explorations 


Grand Challenges | ExPLoRATIONS 


CREDITS: (TOP) PAUL FETTERS FOR HHMI; (MIDDLE) ISTOCKPHOTO.COM/AVTG; (BOTTOM) PHOTOGRAPH BY THOMAS LAVERGNE, RICE PHOTOGRAPHER 
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THE ROAD TO DIVERSITY: 
ARE WE THERE YET? 


On January 20, Barack Obama became the first African American to be sworn in as President of 
the United States. On that day television screens carried images of African American men and 
women moved to tears as they watched the historical event—one that many of them thought 
they would never witness in their lifetimes. By Laura Bonetta 


omen, together with African American, Hispanic American, and Native American 
men, constitute almost two-thirds of the US population. Yet, too few from these 
groups hold professional leadership positions—and that is certainly the case in 
academic science. But the situation is changing. 

“Over the past 20 years the position of women in science has changed dramatically. It is not 
where it needs to be. But women have reached a critical mass in many areas. They now have 
influence on committees for awarding tenure and hiring faculty,” says Linette Watkins, former 
chair of the American Chemical Society (ACS) Committee on Minority Affairs. “We are going 
that way for ethnic and racial minorities as well, but for people with disabilities or of different 
sexual orientations, it may take even longer.” 


Women Scientists Reaching Critical Mass 

Women’s share of science, technology, engineering, and math (STEM) faculty positions 
has increased steadily. A study by the US National Science Foundation (NSF), published in 
July 2008, shows that tenured and tenure-track women faculty increased from less than 10 
percent in 1979 to 28 percent in 2006, with distributions varying considerably by field. In 
2006, women’s share of tenured or tenure-track faculty was 17.4 percent in mathematics and 
17 percent in physics but 32 percent in the life sciences and 33.9 percent in social sciences. 

“The first tenure-track woman faculty in my department was hired three years before me,” 
says Watkins, currently associate professor in the department of chemistry and biochemistry 
at Texas State University-San Marcos. “I was the second hire in 1997, and now we have five 
tenure-track women faculty.” 

Broadly, most women hold instructor and assistant professor positions (42 percent), with 
fewer of them at the associate (34 percent) and full professor (19 percent) levels. According 
to a 2007 report by the National Academies of Science, “Beyond Bias and Barriers: Fulfilling 
the Potential of Women in Academic Science and Engineering,” women face several barriers 
to hiring and promotion in research universities in many fields of science and engineering, 
including having to contend with questioning of their abilities and commitment to their 
careers, and arbitrary evaluation systems that favor men. In addition the report found that 
“structural constraints and expectations built into academic institutions assume that faculty 
members have substantial support from their spouses.” 

Faculty members like Watkins agree that it is not easy to balance career demands with 
starting a family. “| found my way to do it,” says Watkins, who has a six-month-old son whom 
she sometimes takes to work with her. “But | waited to have a child until | was tenured. Women 
who are coming along after me won’t have to wait.” That’s in part because many universities 
and medical schools are putting in place more family-friendly policies, such as ones to “slow” 
the tenure clock, extending the time until tenure review. 


Underrepresented Minorities Looking for Role Models 

At ACS, Watkins oversaw the ACS Scholars Program, which provides financial assistance as 
well as mentors to undergraduate underrepresented minority (URM) students to encourage 
them to pursue degrees in the chemical sciences. (Most programs, including the ACS Scholars 
Program, define URMs as US citizens or permanent US residents who are African American, 
Hispanic American, or Native American). Launched in the fall of 1995, the ACS program boasts 
45 scholars who have earned their Ph.D.s. “We are probably approaching 10-12 of its alumni 
who are now faculty,” says Watkins. c¢ 
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UPCOMING FEATURES 
Careers in Biotech and Pharma — May 8 


Diversity Feature: Asian American 
Scientists — May 29 


Focus on Cambridge/Oxford/ 
London — June 26 


Industry-focused R&D 


fast - flexible - professional 
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University of 
Massachusetts 
UMASS Lowell 


Careers with Mass Appeal 


Assistant/Associate 
Professor Tenure-Track 
Biological Sciences 


The University of Massachusetts Lowell Department of Biological 
Sciences invites applications for a full-time tenure-track position, rank 
negotiable, to start January 2010 or thereafter. The successful candidate 
will be expected to build a vigorous, externally funded research program, 
and collaboration within this and other departments is encouraged. 


Current faculty research interests include bioinformatics, genetics, plant 
science, neurobiology, cancer biology, invertebrate biology, d evelopmental 
biology, virology, microbial ecology, evolution, and biogeochemistry. 
Our campus is located very near the vibrant academic and commercial 
biotechnology centers of Boston, Cambridge and Worcester. 


We are seeking individuals with expertise in one or more of the 
following areas: molecular/cell biology, genetics and genetic regulatory 
mechanisms, small interfering RNA molecules, signal transduction. 
Teaching obligations include development of upper-level undergraduate/ 
graduate courses in his/her expertise and participation in the teaching of 
core undergraduate courses as needed. 


Minimum Qualifications: 
¢ Earned doctorate 
¢ Demonstrated ability teaching at the undergraduate and graduate levels 


¢ Commitment to develop and sustain an externally funded research 
program and evidence of this potential 


¢ Demonstrated potential for publications in scholarly journals 
e Excellent communication and interpersonal skills 


¢ Demonstrated ability working with diverse student and faculty 
population 


For com pt aca posting, application deadlines, and information on how to 
e 


apply, please visit www.uml. edu/hr/jobpostings. 


The University of Massachusetts is an Equal Opportunity/Affirmative Action Title 
IX, H/V, ADA 1990 Employer, and Executive Order 11246, 41 CFR60-741 4, 
41 CRF60-250 4, 41CRF60-1 40 and 41 CFR60-1,4 are hereby incorporated. 


Program Leader 
Epigenetics & Progenitor Cell Program 
Fox Chase Cancer Center 


The Fox Chase Cancer Center, located in a park-like setting in Philadelphia, Pa, 
invites exceptional candidates to lead a newly established program in Epigenetics 
and Progenitor Cells. 


The program consists of an outstanding and well-funded group of laboratory and 
clinical researchers whose interests span from the regulation of chromatin structure 
and gene expression by genetic and epigenetic mechanisms to the regulation and 
functions of tissue and cancer stem cells. 


For this initiative, the Fox Chase Cancer Center has allocated significant financial 
resources. The recruitment package will include generous research space in new 
laboratories, and resources for program development and recruitment of new faculty. 


The Program Leader should have a Ph.D. and/or M.D. degree, possess a 
long-standing interest in developmental biology, gene regulation and/or stem cell 
biology, particularly as it applies to cancer, and an excellent funding record. The 
appointment will be on the tenured Associate or Full Professor level and supported 
by an endowed chair. 


Interested applicants should send a curriculum vitae, a concise summary of current 
research and future plans to: Jonathan Chernoff, M.D., Ph.D, Chair of EPC Search 
Committee, c/o Anne Carson (Anne.Carson@fccc.edu), Fox Chase Cancer Center, 
333 Cottman Avenue, Philadelphia, PA 19111. 


The Fox Chase Cancer Center is an Equal Opportunity/Affirmative Action Employer. 
We recognize the power and importance of a diverse employee population and 
strongly encourage applicants with various experiences and backgrounds. 
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FOCUS ON DIVERSITY 


FOCUS ON DIVERSITY 


“Over the past 20 years 
the position of women 
in science has 

changed dramatically” 


—Linette Watkins 


One person who benefited from the program is Thomas Epps III. 
“The scholarship allowed me to perform laboratory research for 
credit during the semester rather than find a separate job. It also 
helped me decide that | wanted to do research,” says Epps, who 
completed his undergraduate degree at the Massachusetts Institute 
of Technology (MIT) in Cambridge, Massachusetts, under the 
mentorship of chemical engineering professor Paula Hammond. 
“She counseled me through some of my struggles. She was one of 
the few minority faculty who | interacted with at MIT, so it was helpful 
to speak with her about the pressures at a top-tier institution. We are 
still in regular contact.” 

Epps became assistant professor in the Department of Chemical 
Engineering at the University of Delaware in 2006. He is amongst 
the just 5.6 percent of faculty at the top 50 departments of chemical 
engineering who are URM individuals, according to a 2007 study by 
Donna Nelson at the University of Oklahoma. 

Having a mentor who shares a similar background is critical, says 
Epps, but URM students should not limit their pool of mentors to 
only minority faculty. “It’s important to have a range of mentors. | 
find that sometimes if | am not available, minority students choose 
not to ask anyone else in the faculty for help and so they end up 
not getting any assistance,” says Epps. “But in many cases, their 
questions can be addressed by any faculty member.” 

Although URM students and junior faculty can benefit from having 
nonminority faculty mentors, the importance of having role models 
cannot be overstated. “If! see someone who looks like me, | think| can 
make it too. If you are a woman and you think you should be faculty, 
but everyone on the faculty is male, you don’t see the feasibility,” 
says Richard Tapia, professor of engineering and director of the 
Center for Excellence and Equality in Education at Rice University. 

Math is one of the disciplines most resistant to change. In 2007, 
within the top 50 math departments less than 2.3 percent of 
members of the faculty were URMs, compared to 3.8 percent in 
biology. “In an ideal world we would like to see 30 percent of all 
science faculty URM, but | would be pretty happy to see even 5 
percent or 10 percent,” says Tapia. “Anything below these numbers 
does not provide the leadership, guidance, or role models that the 
country needs.” 


Waiting for a Sea Change 

Although the number of minority students in science fields, according 
to Nelson’s study, has increased dramatically in recent years, 
especially at the undergraduate level, the proportion of URM faculty 
has not kept pace. In 2005, 16.7 percent of the students graduating 
with a B.S. in chemistry were URMs but in 2007 only 3.9 percent of 
faculty at the top 100 chemistry departments were URMs. For women 
those numbers are 51.7 percent and 13.7 percent, respectively. In 
contrast, for white males the percentages are 37 percent and 74.2 
percent, respectively. 
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Featured Participants 


National Federation of the Blind 
www.nfb.org 


American Association for the 
Advancement of Science 
Wwww.aaas.org 

Penn State University 
American Chemical Society www.psu.edu 
(ACS) 
www.acs.org Rice University 
www.rice.edu 
California Polytechnic State 
University 


www.calpoly.edu 


University of Delaware 
www.udel.edu 


University of Oklahoma 
www.ou.edu 


EntryPoint! Program 
www.entrypoint.org 


US National Science Foundation (NSF) 
www.nsf.gov 


Howard Hughes Medical 
Institute (HHMI) 
www.hhmi.org 


Web Accessibility Initiative (WAI) 
www.w3.org/WAI/ 


Massachusetts Institute of 
Technology 
www.mit.edu 


“| went to college in the 1960s, and at that time | never saw a mi- 
nority faculty member. Today it is still possible to have that experi- 
ence,” says Shirley Malcom, head of the Directorate for Education 
and Human Resources Programs at the American Association for the 
Advancement of Science (AAAS), publisher of Science. “The student 
body looks so much different than when | went to school. But the 
faculty is not moving at the same pace.” 

Part of the problem, says Malcom, is that the “current faculty 
selects the next faculty. Most often that means they look at research 
productivity alone.” Instead, faculty should view themselves as a 
unit “and evaluate what that unit is missing in terms of experiences 
and perspectives, and not just in research,” says Malcom. “The 
faculty job is not just research. It is also about mentoring, teaching, 
and larger issues of service to the community.” 

But although change may be slow to come, Malcom believes 
there is reason to be optimistic. “l see many programs reaching into 
institutions,” she says. “There has been a strong focus on advancing 
women faculty, and the same will happen for other groups. Things 
are happening.” 


Supporting Minority Students 

NSF is one government agency that has made a strong commitment 
to increasing diversity in the sciences by providing funds to universi- 
ties willing to establish programs to recruit and retain URM students, 
as well as by establishing several scholarships and fellowship pro- 
grams for students. Other agencies and organizations are making 
similar efforts, albeit on a smaller scale. 

The Howard Hughes Medical Institute’s (HHMI) Gilliam Fellow- 
ships, for example, provide full support for up to five years of study 
toward a Ph.D. for outstanding students who are from groups un- 
derrepresented in the sciences or from disadvantaged backgrounds. 
“We give them the means where they can be successful in gradu- 
ate school. The expectation is that they will someday be really good 
faculty,” says Tuajuanda Jordan, director of HHMI’s Science Educa- 
tion Alliance. continued » 
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IBERS 


Tlie of Bote Ennai! aed Fur Geena 


The Institute of Biological, Environmental and Rural Sciences (IBERS) is a world class research, enterprise and education centre at Aberystwyth University. 
IBERS is now seeking to fill a number of key academic appointments to join an already thriving research and teaching community. The positions below 
are the first of a number of new academic opportunities that will be advertised over the coming months. These appointments are part of a major new £55 
million investment in IBERS to further advance Aberystwyth University’s standing as a major force in the biosciences underpinning Agriculture and the 


Environment. 


¢ Chair in Sustainable Agriculture — to develop and lead world 
class research to integrate social/economic drivers with sustainable 
agriculture in the face of environmental change. Opportunities exist 
to lead a new Agro-ecology research centre with a focus on upland 
farming. Information enquiries to Professor Chris Thomas (cjt@aber. 
ac.uk; tel: +44 (0)1970 622265). 


Chair in Quantitative Genetics — to develop and lead a world class 
programme on the use of modern genomics methods focusing on the 
genetics and breeding of outbreeding species. Informal enquiries to Dr 
Michael Abberton (mla@aber.ac.uk; tel: +44 (0)1970 823180). (Salary 
negotiable). 


Chair in Statistical/Population Genomics — to develop a world class 
population genomics programme to better understand the evolutionary 
processes influencing how organisms and species adapt to different 
and changing environments. Informal enquiries to Professor Wayne 
Powell (wap@aber.ac.uk; tel. +44 (0)1970 823001). 


Closing date for applications: 30 April 2009 


Chair in Aquatic Molecular Ecology — to lead a growing team of aquatic 
biologists in the study of marine and/or freshwater ecosystems. Significant 
experience in applying genomic approaches to research areas involving 
how aquatic species and populations adapt to environmental and climatic 
stresses is sought. Informal enquiries to Professor Karl Hoffmann (krh@ 
aber.ac.uk; tel. +44 (0)1970 622237). 


Senior Lectureship in Microbial Genomics (£44,930- £52,086) — to 
develop a world class genomic/metagenomic program to better understand 
the interaction of microorganisms with their environment. Informal enquiries 
to Professor Jamie Newbold (cjn@aber.ac.uk; tel. +44 (0)1970 622242). 


Lectureship in Animal Genomics (£32,458 - £43,622) — to help develop 
a novel program investigating the linkage between animal genomics 
and microbial population within the digestive tract. Informal enquiries to 
Professor Jamie Newbold (cjn@aber.ac.uk; tel. +44 (0)1970 622242). 


Lectureship in Ancient Bio-molecules (£32,458 - £35,469) — to establish 
anew research initiative aimed at studying evolutionary and environmental 
change using preserved genetic material. Research areas could include: 
plants, animals, pathogens or human evolution. Informal enquiries to 
Professor Chris Thomas (cjt@aber.ac.uk; tel. +44 (0)1970 622265). 


Inquiries : For more information see http://www.aber.ac.uk/en/hr/jobs/vacancies-external/. For further particulars, applications forms etc. please contact 
the Human Resources Operations Team: vacancies@aber.ac.uk / Tel: 01970 621572 / Fax: 01970 622975. 


FOCUS ON DIVERSITY 


VISITING ASSISTANT 
PROFESSOR 
(to teach Human Physiology) 
FORDHAM UNIVERSITY 


Individuals are invited to apply for a one 
year non tenure-track Visiting Assistant 
Professor position to teach Human 
Physiology and Lab to undergraduate 
Biology and Pre-Medical students for 


TA apes | Dartmouth 


Careers with Mass Appeal 


Assistant/Associate 
Professor Fisheries 


ty Do you have a passion 
for cutting-edge science 

and protecting the 

“en, public health? 


aaa 


auALTH, 
of on 


Unleash your passion into a rewarding career 
as a Physician, Scientist or Consumer Safety 
Officer at the Center for Biologics Evaluation 
and Research! 

The Center for Biologics Evaluation and 
Research’s mission is to protect and enhance the 
public health through the regulation of biological 


both Fall 2009 and Spring 2010. Can- 
didates are expected to have experience 
in teaching a similar Lecture/Lab course 
and the position will be open until a can- 
didate is identified. 


Please submit a curriculum vitae, 
including teaching experience, and the 
names and addresses of three references 
by May 15, 2009 to: Dr. William B. 
Thornhill, Chair, Department of Bio- 
logical Sciences, Fordham University, 
Bronx, NY 10458 and/or by email to 
thornhill@fordham.edu. Candidates 
will be reviewed when their applica- 
tions are received. 


Fordham is an independent, Catholic 
university in the Jesuit tradition that 
welcomes applications from men and 
women of diverse backgrounds. 
Fordham is an AA/EOE. 


Oceanography 


The School for Marine 
Science and Technology 
(SMAST) 


The Department of Fisheries 
Oceanography/SMAST, University 

of Massachusetts Dartmouth, invites 
applications for two faculty positions 
to be filled at the Assistant or Associate 
Professor level. 


For a complete job description, visit: 
http://www.umassd.edu/hr/ 
asstprofsmast3-31-09.cfm 


MUST MEET MINIMUM 
REQUIREMENTS 


To apply, please send a statement 

of interest, resume, and three names 
of references via email to: 
dfmttp09@umassd.edu. Review of 
applications begins April 30, 2009 and 
continues until the positions are filled. 


The University of Massachusetts is an 
EEO/AA employer. 


products including blood, vaccines, allergenics, 
tissues, and cellular and gene therapies. Biologics, 
in contrast to drugs that are chemically synthe- 
sized, are derived from living sources (such as 
human, animals, and microorganisms) and are 
not easily identified or characterized, and many 
are manufactured using biotechnology. These 
products often represent cutting-edge biomedical 
research and, in time, may offer the most effec- 
tive means to treat a variety of medical illnesses 
and conditions that presently have few or no other 
treatment options. 


For details on qualifications and salary, please 
visit our Hiring Opportunities page at http: 
/Iwww.fda.gov/cber/inside/hiring.htm. 
How to Apply: Applications are being 
accepted for current and future vacancies. 
Submit electronic resume or curriculum 
vitae with cover letter by September 30, 
2009 to: CBER.Employment@fda.hhs.gov 
Attn: Job Code: Gen 
The Center for Biologics Evaluation and Research 
is part of the Food and Drug Administration, 
Department of Health and Human Services. 
EQUAL OPPORTUNITY EMPLOYER. SMOKE 
FREE ENVIRONMENT. 
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“It’s important to have a 
range of mentors. ” 


—Thomas Epps III 


But Jordan points out that these grass-root efforts will go only 
so far. “Unless someone up top makes a definite commitment to 
this type of training, current efforts will remain small and are going 
to take a long time to have an effect,” she says. “One of the main 
problems | see is that the way we teach science in this country is 
counter to how we do science. What | see is that if a student is even 
remotely interested in science, we get them into college and lecture 
to them—a completely passive experience. This is the exact opposite 
of what we should be doing. Science is about mental and physical 
engagement. It is truly a holistic experience that we, as scientists 
and educators, can do a better job communicating.” 


Early Research Exposure 

Jordan and others believe that providing opportunities for students 
to be exposed to research early on will increase the number of 
students —from all walks of life and backgrounds—entering scientific 
careers. To this end, AAAS established the EntryPoint! program for 
students with disabilities. “Our primary goal is to introduce students 
to internship opportunities using and expanding the skills they have 
and to promote them to employers,” says Virginia Stern, director of 
the Project on Science, Technology and Disability at AAAS. 

According to NSF figures, 20 percent of the population in 1993 
had some form of disability and persons with disabilities were 13 
percent of all employed persons and around 5 percent of the science 
and engineering labor force. In 2006, 18 percent of the population 
reported some kind of disability and scientists and engineers with 
disabilities made up 7 percent of all scientists and engineers. 
Although there has been only a slight increase in employment 
status among scientists and engineers with disabilities, in a span 
of 10 years the number of students with disabilities in STEM fields 
has increased. 

“There is a definite increase in students with disabilities at the 
undergraduate level. Students realize that STEM fields are interesting 
and very marketable. Counselors may be the biggest barrier because 
they themselves often have not had math or science training, and 
they think these are too hard for their clients with disabilities,” 
says Stern. 

One of the biggest developments in the past 15 to 20 years that 
has helped students with disabilities enter STEM fields has been 
the availability of assistive technologies. “Legislation and assistive 
technologies have helped tremendously,” says Stern. They include 
text and video relay services for people who are deaf, speech 
recognition software for people who may not be able to use a 
keyboard, text-to-speech software and spelling programs for people 
with some learning disabilities, and refreshable Braille displays and 
Braille printers for people who are blind. 

When Cary Supalo started his Ph.D. in chemistry at Penn State 
University, he had to find individuals who could follow his directions, 
acting as his eyes and hands in carrying out experiments. He also 
had to employ, with financial assistance from his university, people 
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capable of reading scientific papers to him. “At the time, that was 
the only way to get timely access to the scientific literature,” says 
Supalo. Today, screen reader technology makes it possible to read 
some scientific information online. This has been one of the most 
important developments in the past decade for people who are 
blind. But “the technology is not where it should be,” says Supalo. 
“Reading math equations is difficult and so is accessing organic 
chemistry molecular structures.” 


Making STEM Careers Accessible 

Supalo learned what he needed to do to pursue a Ph.D. in chemistry 
through the National Federation of the Blind. By participating in the 
organization he met blind scientists and mathematicians who shared 
their strategies and advice. “Meeting scientists who were blind like 
me was tremendously inspirational. | don’t know if | would have 
stuck it out in chemistry without those role models,” says Supalo. 
“Knowing that someone had done it before me, that it was possible 
to do—that was very empowering.” 

Without the needed resources to pursue STEM careers, people with 
disabilities are cut off from these fields. “To increase representation 
of women, people of color, and of different sexual orientation, things 
have to change in terms of attitudes as well as policy,” says Trey 
Duffy, director of the Disability Resource Center at the California 
Polytechnic State University. “But for people who have disabilities, 
you have to change the world physically. In a way it is harder because 
you can’t stop at eliminating discriminatory beliefs and policy, 
you have to take the extra step of modifying material and tangible 
aspects of the environment. It is not just a matter of welcoming 
people, which is in itself difficult; there is an infrastructure that 
goes with it.” 

Although technological advances and laws requiring facilities and 
employers to make the workplace more accessible have removed 
some roadblocks, many remain. For example, “There are no required 
standards for building web pages; therefore, some designs inhibit 
accessibility by people who are blind,” says Duffy. There are, however, 
signs that some of these obstacles will eventually be removed. The 
Web Accessibility Initiative (WAI) works with organizations around 
the world to develop strategies, guidelines, and resources to help 
make the web accessible to people with disabilities. “Programs 
by NSF for technology development, initiatives to make the web 
more accessible, and the focus on science under the new Obama 
administration are all positive things,” says Duffy. “We are definitely 
heading in the right direction.” 

Most people share this optimism. Science fields are not yet 
representative of the diversity in the US population, but already 
more women have made their way into leadership positions in 
many STEM disciplines, and the student body in the life scienc- 
es is heavily female. There are also many minority undergradu- 
ates in STEM fields. Individuals with disabilities and of differ- 
ent sexual orientation are still few and far between. However, 
many government agencies, including NSF, as well as several pri- 
vate entities have made strong commitments to make science 
more inclusive. 


Laura Bonetta is a scientist turned freelance writer based in the Washington, 
D.C., area. 
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but NATIONAL INSTITUTES OF HEALTH 


DEPARTMENT OF HEALTH AND HUMAN SERVICES (DHHS) 
NATIONAL INSTITUTES OF HEALTH (NIH) 
National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS) 
Director, Division of Extramural Research Activities (DERA) 


The Department of Health and Human Services (DHHS) and the National Institutes of Health (NIH) are seeking exceptional candidates for the position of Director, Division of 
Extramural Research Activities (DERA), National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS) to support research into the causes, treatment, and prevention 
of arthritis and musculoskeletal and skin diseases, the training of basic and clinical scientists to carry out this research, and the dissemination of information on research progress 
in these diseases, while promoting public health and addressing issues of health disparities. This position offers a unique opportunity to direct, manage, and provide oversight to 
the Grants Management Branch (GMB) and the Scientific Review Branch (SRB), as well as, to oversee human subject protection and clinical trial activities under the extramural 
programs of NIAMS. 


The DERA Director manages and directs all DERA program activities, which includes developing and justifying the yearly budget request. The DERA Director provides guidance 
and leadership to the GMB and SRB Chiefs on the development of new programs and projects, directs collaboration with Federal organizations, grantees, contractors, and private 
industry to develop models for DERA programs, and best practice models for providing DERA services, and provide leadership and advice to the Director, NIAMS, on developing, 
implementing, and coordinating extramural research contract, grant, and training program policies. The DERA Director maintains ongoing analysis and evaluation of the review of 
applications and the management of grants and contracts to support overall policy research, development and reporting for the extramural activities of the Institute. In addition, the 
DERA Director will collaborate with leading figures in the scientific community at NIH and other government organizations, representatives of academic institutions, and members 
of foreign governments and scientific organizations to exchange information on scientific research and coordinate projects of mutual interest. The DERA Director is a full partner 
in the executive leadership of the NIAMS. 


Applicants may browse the NIAMS Home Page at http://www.niams.nih.gov/ for additional information on the Institute. Applicants must possess an M.D., Ph.D., or equivalent 
degree in a biomedical field related to the mission of NIAMS and have professional experience with a broad national programmatic or scientific background; be able to interact with 
the Scientific Program Division with equal authority; have the demonstrated capability to plan and direct programs of national and international importance; and have the ability 
to communicate with and obtain the cooperation of public, private and national and international organizations and individuals. Salary is commensurate with his/her qualifications 
and experience. Full Federal benefits including leave, health and life insurance, long-term care insurance, retirement, and a savings plan (401k equivalent). A detailed vacancy 
announcement that includes application procedures is available at: http://www.jobs.nih.gov (under vacancy announcement NIAMS-09-327761). Questions may be addressed to 
Ms. Ruth Fritz, 301-496-6051 e-mail: fritzr@mail.nih.gov. A CV and bibliography, including a statement addressing the qualifications and interest in the position, should 
be received by April 30, 2009. Applications received after this date will be considered until the position is filled. 


Postdoctoral Fellowship Program 


National Heart 
Lung and Blood Institute 


Bioinformatics or Statistical Genetics 


The NIH Director’s Wednesday Afternoon 


RESEARCH FELLOWSHIPS: Center for Population Studies and Framingham Heart Lecture Series 


Study, Division of Intramural Research, National Heart, Lung, & Blood Institute, NIH, DHHS. 


Three fellowship positions are available in bioinformatics or statistical genetics: Mentored 
research with NHLBI scientists and bioinformaticians from the Division of Intramural 
Research in the development/analysis of population-based genetic/genomic research 
involving (a) genome-wide association study (GWAS) database of over 550,000 SNPs, (b) 
targeted resequencing of candidate gene regions, (c) whole genome sequencing or sequenc- 
ing of all exons (the “exome’) in the human genome, or (d) gene expression transcript 
profiling in up to 8,000 carefully characterized Framingham Heart Study (FHS) participants 
with tens of thousands of phenotypes for cardiovascular disease and other disorders. Some 
research opportunities include development of computational methods for genotype-pheno- 
type analysis using high-throughput sequence or expression data, genotype-phenotype anal- 
ysis of structural variation, and use of systems biology approaches for integrative genomics. 
Fellows will be located at the Framingham Heart Study in Framingham, MA (working with 
Drs. O’ Donnell, Levy, and Johnson) , or the NIH Campus (working with bioinformaticians 
at the National Library of Medicine, or with Dr. Munson at the NHLBI, Bethesda, MD). 


Applicants must have a Ph.D. or M.D. degree with research experience in computational 
or molecular biology, statistical genetics, or informatics, particularly in the area of genet- 
ics and genomics. 


Program Leaders: Christopher J. O’Donnell MD MPH, Daniel Levy MD, Andrew D. 
Johnson PhD, Peter Munson PhD 


To apply, submit CV, cover letter and 3 letters of reference to: 
Sandra Stoddard, 73 Mt. Wayte Avenue, Suite 2, Framingham, MA 01702, E-mail: 


nhibi_researchfellowcps-fhs@mail.nih.gov 


Biomedical scientists.around the world are invited to join us online to 
hear leading investigators present their latest results to the NIH Intra- 
mural Research community. Lectures may be viewed live at 3:00 p.m., 
EDT (20:00 GMT) on Wednesdays, from September through June. Live 
webcasts can be viewed under “Today’s Events” at: <http://videocast. 
nih.gov/> 


The current schedule of lectures is available at: <http:/Avww1.od.nih. 
gov/wals/schedule.htm 


Upcoming Lectures: 


April 29: Erkki Ruoslahti, Burnham Institute for Medical Research, 

(former President and CEO) “Vascular Zip Codes in Targeted Delivery 
of Multifunctional Nanodevices” 

*May 6: Eric Nestler, University of Texas Southwestern Medical Center, 

“Transcriptional Mechanisms of Drug Addition” 

*May 13: James Collins, Boston University, “Engineering Gene Net- 

works: Integrating Synthetic Biology & Systems Biology” 

*May 20: Tom Rapoport, Harvard Medical School, “Mechanisms of 
Protein Translocation Across Membranes” 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


online @sciencecareers.org 
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FLORIDA 
INTERNATIONAL 
UNIVERSITY 


TENURE TRACK POSITION 
ASSISTANT AND/OR ASSOCIATE/FULL PROFESSOR 
ROBERT STEMPEL COLLEGE OF PUBLIC HEALTH AND SOCIAL WORK 


Florida International University is ranked as a Research University in the High Research Activity category 
of the Carnegie Foundation’s prestigious classification system. Our mission is to enhance the public’s 
health by conducting innovative research, training future leaders and health professionals from diverse 
backgrounds, translating research into policy and practice, and serving our local communities as well as 
communities around the world, especially Latin America and the Caribbean. 


Qualifications: Candidate must possess a Ph.D., M.D. or the equivalent and postdoctoral experience in 
environmental genomics, molecular epidemiology, human genetics, or a related area. Extensive 
experience in the broad field of genomics including proteomics and bioinformatics is desired. The Search 
Committee is especially interested in receiving applications from individuals experienced in 
interdisciplinary collaborative research with interests in assessment of gene-environment interactions, 
molecular epidemiology and toxicogenomics of human diseases. We welcome candidates with experience 
in evaluating intermediate biomarkers of effect and in examining the health, especially respiratory, 
cardiovascular, diabetes, reproductive/developmental, and cancer endpoints. 


Duties and Responsibilities: The candidate will be expected to develop his/her own research program in 
environmental genomics, obtain competitive research funding, and engage in collaborative research with 
other faculty in the department as well as within the College of Public Health & Social Work and College 
of Medicine. Responsibilities also include teaching, advising graduate students, and serving on doctoral 
committees. The selected candidate will have the opportunity to participate in ongoing research with 
multidisciplinary researchers, and will be expected to develop and maintain an original, creative and 
independent research program in genetic or molecular environmental epidemiology with evidence of high 
quality and productivity. This requires publications in high impact peer-reviewed journals and demonstrating 
the potential for successful submission and management of investigator-initiated grant proposals. 

Applications and Nominations: Applicants must submit the following material: letter of application that 
confirms applicant’s interest in the position and addresses qualifications, including description of 
research; complete curriculum vitae; undergraduate and graduate transcripts, and documentation of the 


FACULTY POSITION IN 
PHYSIOLOGY AND 
PHARMACOLOGY 


The Department of Physiology and Phar- 
macology at Des Moines University seeks 
to fill a tenure track faculty position. Suc- 
cessful candidates must have demonstrated a 
commitment to and expertise in the discipline 
of physiology or pharmacology. Additionally, 
it is expected that the individual develop 
an innovative and extramurally funded 
research program utilizing contemporary 
approaches. Highly desirable applicants 
would be able to teach in one or more of 
the following areas: cardiovascular, renal, or 
respiratory physiology/pharmacology for the 
medical, podiatric, and allied health curricula. 
Applicants must have an earned Ph.D. and 
relevant postdoctoral experience. Please visit 
www.dmu.edu/employment for a complete 
job description. 


For full consideration, candidates are invited 
to submit a letter of application stating their 
interest along with their curriculum vitae, a 
concise statement of teaching and research 
interests, educational philosophy and con- 
tact information for three references using 
the online applicant tracking system at 
www.dmu.edu/employment. Review of 
applications will begin immediately and con- 


doctoral degree; representative publications, and at least three letters of recommendation. 


The selection and review process will begin on April 2, 2009, and will remain open until the position is 
filled. To apply please visit us on-line at www.fiujobs.org and reference position #41663. 


FIU is an Equal Opportunity/Equal Access Employer and Institution. 


tinue until a successful candidate is identified 
and hired to start prior to early Fall 09. 


DMU is an EOE EMPLOYER. 


Y University of 
g Massachusetts 
UMASS. Medical School 
TENURE-TRACK NEUROSCIENCE POSITION 


The Brudnick Neuropsychiatric Research Institute (BNRJ), established 
as part of the unprecedented research expansion at the University of 
Massachusetts Medical School, invites applications for a tenure-track 
position at the level of Assistant, Associate or Full Professor. The 
BNRI, a division of the Department of Psychiatry, is committed to 
broad-based research investigating basic neurobiological principles 
related to psychiatric disorders. While we invite applications from all 
areas of neuroscience, we are particularly interested in applicants using 
electrophysiological approaches in mammalian systems to investigate 
mechanisms underlying neuronal plasticity. The BNRI, situated in a 
state-of-the-art laboratory facility, is an integral part of the campus- 
wide Program in Neuroscience, which consists of over 55 basic neuro- 
scientists. The successful candidate will establish and/or maintain an 
independent research program and play an integral role in new Program 
initiatives. The position is highly competitive with regard to salary, 
start-up funds and laboratory space. 


Applicants should send a CV, statement of research interests, and names 
and addresses of three references by June 1, 2009 to: 

Dr. Paul D. Gardner, Search Committee Chair 
Brudnick Neuropsychiatric Research Institute 
University of Massachusetts Medical School 
303 Belmont Street 
Worcester, MA 01604 
E-mail: bnri@umassmed.edu 
www.umassmed.edu/bnri 


An Equal Opportunity/Affirmative Action Employer. 


UF IFLORIDA 


Faculty Positions (Associate/Full Professor) 
Department of Molecular Genetics and Microbiology 


The Department of Molecular Genetics and Microbiology in the College of 
Medicine at the University of Florida, Gainesville (http://www.mgm.ufl.edu) 
seeks highly motivated and successful candidates who will contribute to our 
developing research portfolio in mouse disease models and viral pathogenesis. 
The department currently hosts 23 full-time faculty members with expertise 
in animal disease models, molecular virology, and bacteriology. The latter 
two areas have a strong emphasis on host/pathogen interactions with a focus 
on bioinformatics and genomics approaches. We are especially interested in 
candidates utilizing contemporary genetic approaches and animal models to 
further our understanding of inherited diseases and human viral pathogens, 
preferentially RNA viruses. However, highly qualified candidates working in 
related research areas are also encouraged to apply. 


Successful candidate(s) will join a vibrant Department which plays a central 
role in several interdisciplinary research programs in the Health Science Center. 
Affiliated Centers include the UF Genetics Institute (http://www.ufgi.ufl.edu), 
the Powell Gene Therapy Center (http://www.gte.ufl.edu/), the UF Brain 
Institute (http://www.mbi.ufl.edu/), the Emerging Pathogens Institute (http: 
//epi.ufl.edu/), and the UF Shands Cancer Center (http://www.ufsec.ufl.edu/). 
The successful candidate will be expected to maintain and further develop a 
strong and innovative research program and contribute to medical and graduate 
student teaching. Highly competitive start-up packages and salaries are available 
and complemented by outstanding core facilities, new laboratory space, and the 
highly collegial and interactive atmosphere at the University of Florida. 
For consideration PhD, MD/PhD, or MD degree candidates should have 
nationally recognized and extramurally funded research programs. Applicants 
should submit a cover letter, curriculum vitae, a brief summary of current and 
future research plans and contact information for three references as a pdf file 
attached to an e-mail to: MGM-FacultySearch@mgm.ufl.edu. 
Review of applications will commence immediately, with the search committee 
determinations beginning circa May 15, 2009. The search may remain open 
until the position is filled. 

UF is an Equal Opportunity Institution with a strong commitment to 

excellence through diversity. 


TT a De A 
UNIVERSITAT 
HELDELBERG 


The Medical Faculty Mannheim of the University of Heidelberg 
invites applications for a 


Full Professorship (W 3) 
in Medical Microbiology and Hygiene 


to be appointed as soon as possible. 

The full professorship (W 3) in medical microbiology and hygiene is 
assigned to the Institute for Medical Microbiology and Hygiene of 
the Mannheim University Teaching Hospital. The incumbent will also 
take over the position of Director of the Institute. 


The requirements to be fulfilled by the full professorship (W 3) in 
medical microbiology and hygiene necessitate the appointment of 
a dedicated physician and internationally recognised researcher who 
will be expected to be able to represent the full scope of the subjects 
of medical microbiology and hygiene in research and teaching. In 
research the future incumbent shall place a point of particular em- 
phasis on bacteriology and infection biology, an additional interest 
in infection immunology would be especially desirable. Research 
into microbiological inflammation is to have been conducted on the 
highest scientific level. In teaching duties the future incumbent shall 
be prepared to contribute actively to the development and suc- 
cess of the integrative concept of the model curriculum MaReCuM 
(Mannheim Reformed Curriculum of Medicine). Extensive experience 
in the education of medical students is essential for this purpose. 
In the sector of patient care the incumbent shall in particular be 
responsible for ensuring cooperative interaction with partners from 
the diagnostic and clinical disciplines as well as for utilising his/her 
competence to represent the concerns of clinical infectiology and 
hospital hygiene. 


The successful candidate shall hold the certification as a medical 
specialist in microbiology, virology and infection epidemiology, an 
additional certification as a medical specialist in hygiene and en- 
vironmental medicine is desirable. Further requirements are proven 
competence and an internationally recognised qualification in the 
research of microbiological inflammation (inflammation and can- 
cerogenesis or inflammation and vascular damage), a doctorate as 
well as the post-doctoral qualification as a university lecturer (or a 
comparable outstanding scientific record), excellent didactic skills 
and experience in the acquisition of third-party funding, a high 
capacity for in cooperation and leadership, integrative ability in the 
structural development of the model curriculum MaReCuM and 
commitment in the academic self-administration. 


The incumbent shall perform tasks in patient care at the Mannheim 
University Teaching Hospital. In this regard a separate contract is 
to be concluded with the hospital authorities. 


The University of Heidelberg is committed to increasing the number of women 
in professorships and therefore explicitly encourages qualified female candidates 
to apply. Applications from disabled persons of equal aptitude and qualification 
level will be favoured. 

Applications including the usual pertinent documentation (curriculum 
vitae with passport photograph, academic / professional record, 
testimonials, certificates, statement of third-party funding acquired, 
list of publications) are to be submitted within 3 weeks following 
the appearance of this announcement to the following address: 
Herrn Prof. Dr. Dr. h.c. Klaus van Ackern, Dekan der Medi- 
zinischen Fakultat Mannheim der Universitat Heidelberg, 
Universitatsmedizin Mannheim, 68135 Mannheim, Germany. 


The Sahlgrenska Academy is the 
faculty of health sciences at the 
University of Gothenburg. Education 
and research are conducted within 
the fields of pharmacy, medicine, 
odontology and health care sciences. 
About 4000 undergraduate students 
and 1200 postgraduate students are 
enrolled at Sahlgrenska Academy. 
The staff is about 1400 persons. 

850 of them are researchers and/or 
teachers. 2008 Sahlgrenska Academy 
had a turnover of 1900 million SEK. 


Post Doc position £36 861/09 


In Biomedicine at Sahlgrenska Academy, 
University of Gothenburg 


An opening for young scientists (less than 3-5 years since 
the PhD degree) with interest in adipocyte biology is 
available at the Institute of Biomedicine, The Sahlgrenska 
Academy, University of Gothenburg, Goteborg, Sweden. 
We welcome applicants with experience in all aspects of 
cell biology/molecular biology. The work will be centered 
around gene regulatory mechanisms and their relevance 
for metabolism. Broad ranges of techniques are applied, 
from studies of DNA-protein interactions to construc- 
tion of tissue specific and conditional knock-out mice. 
Recently, we have been focusing on forkhead transcrip- 
tion factors in muscle, brown and white adipose tissue. 
The position is for 2 years with a possibility of a 2-year 
extension. 


Applicants should submit a CV and bibliography, and 
names and addresses (including e-mail addresses) of three 
scientists that can provide references. 


For further information, contact the research group leader 
Prof. Sven Enerback (sven.enerback@medgen.gu.se). 


The application should be organized as follows: 
Curriculum vitae (max 2 pages). Scientific track 
record (max 2 pages) describing your early scientific 
contributions to your own research field. 

Please indicate your most important findings. 


Union representatives: 

Gunnel Lindd, SACO phone + 46 (0) 31-786 1078 
Astrid Igerud, OFRS-S, phone + 46 (0) 31-786 1167 
Lennart Olsson, SEKO, phone +46 (0) 31-786 1173 


Send the application, including refnr E 36 861/09, to 
following address: The Registry, Sahlgrenska Academy at 
the University of Gothenburg, Box 400, 405 30 Goteborg, 
Sweden. The finial date for the application to reach the 
Registry is 18 May 2009. 


GOTEBORGS UNIVERSITET 


www.gu.se 
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us City University 
of Hong Kong 


tT 
r, 
M KRRKH Soar 
¢ ms A World-class University 


Celebrating 25th Anniversary 


Worldwide Search for Talent 


City University of Hong Kong aspires to become a leading global university, excelling in research and professional education. 
The University is committed to nurturing and developing students’ talent and creating applicable knowledge in order to support 
social and economic advancement. Within the next five years, the University will employ another 200 scholars in various 
disciplines including science, engineering, business, social sciences, humanities, law, creative media, energy, 
environment, and biomedical & veterinary sciences. 


Applications and nominations are invited for : 


Chair Professor/Professor/Associate Professor/Assistant Professor 
Department of Biology and Chemistry [Ref. A/580/29] 


Duties : Conduct research and teach courses at undergraduate and postgraduate levels. 


Requirements : APhD degree in all disciplines of Biology or Chemistry, in particular microbiology and organic chemistry, 
with strong research background and publications in highly cited international refereed journals. 


Salary and Conditions of Service 

Remuneration package will be very attractive, driven by market competitiveness and individual performance. Excellent fringe 
benefits include gratuity, leave, medical and dental schemes, and relocation assistance (where applicable). Initial appointment 
will be made on a fixed-term contract. 


Information and Application 

City University of Hong Kong is one of the eight tertiary institutions funded by the Government of the Hong Kong Special 
Administrative Region. Further information on the posts and the University is available at http:/Awww.cityu.edu.hk, or from the 
Human Resources Office, City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong [Fax : (852) 2788 1154 or 
(852) 2788 9334/email : hrojob@cityu.edu.hk]. Please send the nomination or application with a current curriculum vitae to 
the Human Resources Office by 31 May 2009. Please quote the reference of the post in the application and on the envelope. 
The University reserves the right to consider late applications and nominations, and not to fill the positions. Personal data 
provided by applicants will be used for recruitment and other employment-related purposes. 


City University of Hong Kong was ranked among the world’s top 150 universities 
according to The Times Higher Education Supplement 2008 survey. 


| 
| 
RATE 
University of California 


San Diego 


Postdoctoral Position 


Signaling during Cell Migration 
and Protein Trafficking 


Position available to study the interplay 
between G protein and growth factor sig- 
naling during cell migration and transport 
along the endocytic and exocytic pathways. 
Support available for up to 5 years. Infor- 
mation on specific projects can be found in 
recent publications. 


Strong background in molecular cell biol- 
ogy, signaling, protein chemistry, cell 
fractionation, and immunofluorescence 
required. Experience with live cell imaging, 
mass spec, G proteins and/or computational 
biology preferred. 


To apply send resume and names of three 
references to: 

Dr. Marilyn G. Farquhar 
Department of Cellular and 
Molecular Medicine 
University of California San Diego 
La Jolla, CA 92093-0651 
Email: mfarquhar@ucsd.edu 


http://www.cityu.edu.hk 


CBG 


Mow Planck letra 
of aglecollar Cell Bho gw 
HbebGenecics 


The Max Planck Institute of Molecular Cell Biology and Genetics (CBG), 
Dresden, Germany, is searching for 


Research Group Leaders 


This is a broad search for outstanding candidates to establish research 
groups that complement those already in the Institute. Research at the 
Max Planck Institute of Molecular Cell Biology and Genetics (CBG) focu- 
ses on the structure and dynamic organization of cells and tissues in 
several model organisms (see http://www.mpi-cbg.de). Candidates taking 
biochemical, biophysical, developmental, genetic, structural or systems 
approaches will all be considered. 


The position is initially for 5 years at the EG15 level according to the 
TVOD scale with the possibility of extension for up to an additional 4 
years. Funds are available for a postdoctoral fellow, a PhD student and a 
technician, together with funds for consumables and equipment. 


Please send your CV, publication list and a short description of research 
accomplishments and future plans to Prof. Marino Zerial at the address 
below. Please also include the names and addresses of three referees. 
Applications will be considered upon receipt. We especially encouraged 
women to apply. 


Max Planck Institute 

of Molecular Cell Biology and Genetics 
Pfotenhauerstr. 108 

01307 Dresden, Germany 

zerial@mpi-cbg.de 


MAX-PLANCK-CESELLSCHAFT 


The Max Planck Society is committed to employ more handicapped indi- 
viduals and actively seek their applications. 


NDSU 


Assistant/Associate/Full Professor in 
Pharmacokinetics and Biopharmaceutics 


The Department of Pharmaceutical Sciences at North Dakota State University 
invites applications for a tenure-track faculty position at the rank of Assistant/ 
Associate/Full Professor, with appointment beginning on or after August 15, 
2009. A highly competitive salary and a start-up package commensurate with 
qualifications and experience will be provided. Faculty rank and salary will 
be dependent upon qualifications and experience. Currently, the fast growing 
department has 12 faculty members, 30 doctoral students, and 6 post-doctoral 
fellows/research associates/visiting scholars. The department has a Center 
for Biopharmaceutical Research and Production (CBRP), and participates 
in a NIH-funded ($10.5 million) Center of Biomedical Research Excellence. 
Additional information about the Department and University can be obtained 
at www.ndsu.edu/pharmsci/. 


Candidates must hold a doctoral degree in pharmacokinetics/clinical pharma- 
cokinetics, biopharmaceutics or related fields, and have at least two years of 
postdoctoral experience in above areas with a strong record of research pro- 
ductivity and evidence of ability to develop/maintain an extramurally funded 
research program. Preference will be given to applicants with training and 
research expertise in areas of biopharmaceutics or pharmacokinetics/clinical 
pharmacokinetics. Candidates should also possess good interpersonal skills 
and effective written/oral communication skills. The candidate will be required 
to teach a pharmacokinetics course to students in the professional pharmacy 
curriculum, as well as in the graduate program. 


Application deadline is May 30, 2009, or thereafter until the position is 
filled. The application portfolio containing the curriculum vitae, statement of 
teaching philosophy, description of research interests and future plans, and 
three letters of reference must be submitted electronically: jobs.ndsu.edu/ 
applicants/Central?quickFind=50855. For more information, please contact 
Dr. Steven Qian (e-mail: steven.qian@ndsu.edu or phone: 701-231-8511), 
North Dakota State University College of Pharmacy, Nursing and Allied 
Sciences, Fargo, ND 58105. 


NDSU is an Equal Opportunity Institution. Women and traditionally under- 
represented groups are encouraged to apply. 


Forderung der Rickkehr 
des wissenschaftlichen 


Mimstenum thr inncerstion, 
Wiemnschiatt, Forschung und Technaogia 
Gee bandes Rlondrhein tee ialen 


Spitzennachwuchses aus dem Ausland 


Sie arbeiten an Spitzentechnologien in der Energieforschung 
— der Forschungsstandort Nordrhein-Westfalen bietet Ihnen die 
Chance zum Aufbau und zur Leitung einer selbststandigen 
Nachwuchsgruppe im Bereich der Energieforschung 
an einer Hochschule Ihrer Wahl in Nordrhein-Westfalen. 


Im Rahmen des “Programms zur Férderung der Riickkehr des 
wissenschaftlichen Spitzennachwuchses aus dem Ausland” 
stehen Ihnen dafiir Uber einen Zeitraum von fiinf Jahren bis 
zu 1,25 Mio € zur Verfiigung. lhre Leitungsposition ist mit 
Entgeltgruppe 15 TVL — vergleichbar W2 — dotiert. Sie 
erhalten eine personengebundene Finanzierungszusage und 
etablieren Ihr Labor an derjenigen Hochschule in Nordrhein- 
Westfalen, die Ihnen die beste Zukunftsperspektive und 
eventuell auch tenure (track) bietet. 


Sie forschen derzeit auBerhalb Deutschlands im Bereich der 
Energieforschung, verfigen Uber eine qualifizierte Promo- 
tion, die in der Regel nicht langer als sechs Jahre zuriick- 
liegt, Ihr Lebensmittelpunkt lag vor dem Auslandsaufenthalt 
in Deutschland und Sie kénnen insgesamt mindestens 24 


INNOVATION 


Monate erfolgreicher wissenschaftlicher Forschung aufer- 
halb Deutschlands vorweisen. Wenn dies alles auf Sie zutrifft, 
freuen wir uns auf Ihre Bewerbung unter 


www.rueckkehrerprogramm.nrw.de 


Ihre Bewerbungsunterlagen in englischer Sprache enthalten 
Lebenslauf, Publikationsliste, einen Arbeitsplan fiir die ndch- 
sten finf Jahre, eine Zusammenfassung Ihrer bisherigen wis- 
senschaftlichen Leistungen, bis zu drei Ihrer wichtigsten 


Verdffentlichungen und Referenzen. 


Weitere Informationen sowie eine detaillierte Beschreibung 
des Programms finden Sie auf der angegebenen Internetseite. 


Bitte reichen Sie Ihre Bewerbungsunterlagen bis zum 
1. Juli 2009 (Deadline) online ein. 


Das Land Nordrhein-Westfalen férdert die berufliche 
Entwicklung von Frauen. Bewerbungen von Frauen werden 
daher besonders begriist. Bewerbungen geeigneter schwer- 
behinderter Menschen sind erwiinscht. 


www. innovation.nrw.de 
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FLOULTE OES SCHeCes 


The University of Neuchatel, Switzerland, offers the position of: 


A Full professor (professeur ordinaire) in 
Biology of arthropod vectors of pathogens 


The candidate is expected to have a strong research background which 
complements well with the parasitology interests of the Institute. He/she 
will have an experience in the biology of vectors of pathogens focused 
on the physiology of ectoparasites, capable to combine both field and 
laboratory methods and showing an international recognized research 
program. He/she is asked to teach comparative animal physiology, 
histology and cytology at the bachelor level, plus specialized courses 
in his/her research field of the master in Biology of Parasites and 
Ecoethology. 


Full chair (6 hours weekly teaching in French and English, research 
activities as well as administrative tasks). 


Starting date: February 1, 2010 or date to be discussed. 
The University of Neuchatel encourages women to apply. 


Candidates with a Ph.D. should submit their application, both 
electronically and on paper, before June 15, 2009 to Prof. Bruno 
Betschart, head of the search committee, Institute of Biology, Faculty 
of Science, University of Neuchatel, PO Box 158, 2009 Neuchatel — 
Switzerland, email: bruno.betschart@unine.ch. 


Applications should include curriculum vitae with a description of 
research, teaching, grants, and administrative records; a complete 
list of publications; a copy of academic diplomas; and a research 
program (describing the candidate’s scientific vision and the projects 
to be developed at the University of Neuchatel) of up to 3 pages. The 
candidate should ask three experts to send a letter of recommendation 
to the head of the search committee. Further information is available 
from Prof. B. Betschart or on the web site www.unine.ch/sciences, 
under « emploi ». 


DIRECTOR 


Center for Genome-Based Research 
Mount Sinai School of Medicine 


The Mount Sinai School of Medicine seeks an outstanding scientist 
to serve as Director of our newly formed ‘Center for Genome-Based 
Research’. This Center will encompass Mount Sinai facilities for 
genomic, epigenomic, proteomic/metabolomic, and bioinformatics/ 
genetic research. The position will be a tenure-track faculty appoint- 
ment as Associate or Full Professor and the successful candidate will be 
provided with the resources to support their own world-class research 
program. In addition, the successful candidate will direct development 
and coordination of the genome-based research facilities as well as the 
bioinformatics/genetic analytical component. Currently, Mount Sinai has 
expert faculty and shared research facilities for DNA sequencing, DNA 
and RNA arrays, proteomics and metabolomics, and bioinformatics/ 
genetic analyses. The Director will oversee, coordinate, and expand 
these research services with the help of additional faculty and staff in 
order to assist investigators in designing, performing and analyzing their 
genome-based research projects. 


Applications will be reviewed starting March 16, 2009 and will be 
accepted until the position is filled. Please e-mail curriculum vitae, letter 
of interest, and three references to: Dr. Ross Cagan and Dr. Ethylin 
Wang Jabs (Co-Search Chairs) at Ross.Cagan@mssm.edu, Campus 
Box 1020, Mount Sinai School of Medicine, One Gustave Levy Place, 
New York, NY, 10029. 


H Mount Sinai is an 
MS@SM Equal Opportunity Employer. 
MOUNT SINAI 
SCHOOL OF 
MEDICINE 


online @sciencecareers.org 
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Job Opportunities at Jiangsu University 


Jiangsu University is located at Zhenjiang, a historic city at the southern 
bank of the Yangtze River. It is a university with a history of more than 
one hundred years. It is now developing very fast together with China, 
and offers opportunities for scholars across the world in the following 
fields: biology, pharmacy, clinic medicine, pre-clinic medicine, chemistry, 
mathematics, mechanic engineering, power engineering and engineering 
thermophysics, electrical engineering, electrical science and technology, 
information and telecommunication engineering, control science and 
technology, safety technology and engineering, traffic and transportation 
engineering, agricultural engineering, environmental engineering, food 
science and engineering, material science and engineering, computer 
software and theory. We will provide good working conditions and good 
salary and welfare. 


The applicants should be doctor degree holders and high academic 
achievers fluent in both Chinese and English. They should offer such 
information as education, work experience, academic achievements 
and proof, in the field they apply for. Those who apply for special 
professorship should fill out a form (http:/Awww.ujs.edu.cn/jsdw/teping. 
htm), listing their research interest and plan, and offer at least two copies 
of their representative papers. 


The opportunities are waiting for you. If you want to join us, please 
contact 

Mr. Lu Yulin 

Human Resource Department 

Jiangsu University 

No. 301, Xuefu Rd. 

Zhenjiang 212013 

P. R. of China. 

Tel.:86-511-88780061 Fax:86-511-88780227 

Email: hr@ujs.edu.cn Website: www.ujs.edu.cn 


LUDWIG- 


MAXIMILIANS- 
UNIVERSITAT 
MUNCHEN MUNICH CENTER FOR NEUROSCIENCES - MCN‘“U 


The Division of Neurobiology at the LMU Biocenter in 
Munich invites applications for several 


Postdoc Positions (Auditory Processing) 


in experimental neurobiology and computational neuroscience. 
Positions are associated with the research. group of Professor 
Benedikt Grothe, Chair of Neurobiology (www.zi.biologie.uni- 
muenchen.de/institute/zi/abtlgn/neurobiologie/). 


Scientists witha background in neuroscience or.cell biology and 
a particular interest in the /n vivo or in vitro physiology of mam- 
malian auditory brainstem circuits are invited to apply. 


Our campus facilitates collaborative research and teaching by 
hosting an exceptional number of excellent neuroscience groups 
and institutions, including Max-Planck and Helmholtz institutes. 
Apart from outstanding research conditions, Munich offers a 
rich variety of cultural and leisure activities, and is one of the 
most beautiful and exciting cities in Germany. 


Please submit your-application in one single PDF-document 
(include a short description of research interests, CV, list of 
publications, list of referees, and relevant certificates) by e-mail 
to neurojobs.mcn@Imu.de. 


DAUAN INSTITUTE OF CHEMICAL PHYSICS 
CHINESE ACADEMY OF SCIENCES 


Lab Director and Division Directors, 
Dalian National Laboratory for Clean Energy 


Dalian National Laboratory for Clean Energy (DNL), based mainly 
in Dalian Institute of Chemical Physics (DICP), Chinese Academy of 
Sciences (CAS), is looking for outstanding candidates for DNL director 
and directors for its nine research divisions: optimized utilization 
of fossil energy, low carbon catalysis and engineering, energy 
saving & energy environment, fuel cell & energy storage, hydrogen 
energy, biomass energy, solar energy, maritime renewable energy, 
basic & strategic studies on energy, and service center for energy 
researches. More details about DICP can be found at http://www. 
dicp.ac.cn/. 


Successful candidates for these positions should have a Ph. D. 
degree and are expected to be an accomplished scientist in his or her 
academic field, who has demonstrated a strong record of scientific 
publications in leading scientific journals. Candidates for the DNL 
director should be under age of 55 and at the rank of full professor or 
equivalent position with a track record of management in universities 
or research institutions; while candidates, applying from abroad, for 
the DNL division directors should be at the rank of associate professor 
or above, and under age of 50. 


Successful candidates will be provided with competitive salary and 
benefits. A generous start-up research fund for each successful 
candidate will also be provided. 


Candidates, who are interested in these positions, should send a 
complete CV and publication list to Dr. Hua’an Zhang, Department of 
Personnel (86-411-84379556, talents@dicp.ac.cn), Mr. Zhiyuan Mao 
(maozy@dicp.ac.cn), Prof. Can Li (canli@dicp.ac.cn) and Prof. Tao 
Zhang (taozhang@dicp.ac.cn). 


UNIVERSITY OF 


* OXFORD 


Two Post-Doctoral Research Assistant 
posts: tropical forests and climate change 
£30,594 - £32,458 pa 

School of Geography and the Environment, University of Oxford 


Applications are invited for two fixed-term three-year postdoctoral 
research assistant positions to start June 2009 or as soon as possible 
thereafter, based in the Ecosystems Group of the Environmental Change 
Institute, School of Geography and the Environment, University of Oxford, 
South Parks Road, Oxford, OX1 3QY. 


i) The first post researches dynamics and carbon implications of fires in the 
Andes and will conduct a detailed evaluation of the spatial and temporal 
dynamics of fire at the Andean treeline, and a quantification of their carbon 
emissions. The successful candidate will have a PhD in a quantitative 
environmental science, remote sensing and GIS skills, availability and 
enthusiasm to spend 3-5 months each year in Peru and either proficiency 
in Spanish or a clear ability to rapidly become proficient, and excellent field 
leadership skills. Closing date is noon on Friday 15 May 2009. 


ii) The second post will work on modelling the ecophysiology and 
dynamics of Amazonian forests. It will involve compiling existing field data 
on forest function and dynamics and then using these to parametrise and 
improve the UK community vegetation model, JULES. The ultimate goal 
of this modelling effort is to better simulate the response of Amazonian 
vegetation to climate change. The successful candidate will have a PhD 
or equivalent experience in a relevant field, experience in running one or 
more of vegetation-atmosphere models, biogeochemical models, and 
dynamic vegetation models and experience in programming or model 
development. There are likely to be opportunities to travel to the Amazon 
to participate in field data collection. 

Closing date: Noon on Wednesday 20 May 2009. 


For further information please see our website on 
http://www.geog.ox.ac.uk/news/jobs/ or contact the HR Office on 
01865 285082. Informal enquiries to Professor Yadvinder Malhi 
(yadvinder.malhi@ouce.ox.ac.uk). 


www.ox.ac.uk/jobs 


Committed to equality and valuing diversity 


IX : Virginia Tech Carilion 
RESEARCH INSTITUTE 
FOUNDING DIRECTOR 


The Virginia Tech Carilion Research Institute (VTCRI) invites applications for its founding Director. With the benefit of a robust research university 
collaborating with a transformational, integrated health system, the Director will have the rare opportunity to help lead, create, and transform health-related 
research. The VTC Research Institute is a result of the partnership of Carilion Clinic, the newly formed Virginia Tech Carilion School of Medicine, and 
the solid biomedical and life science research programs at Virginia Tech. VTCRI has the strong support of senior leadership across VT and Carilion, and 
their partnership is committed to excellence in all aspects of health sciences. 


The mission of VTCRI is to be a premier institute of interdisciplinary and translational research within the health sciences. The Director will provide 
leadership for VTCRI, with responsibility for development of research strategy, the recruitment of up to 40 research teams, development of collaborative 
programs of translational research, and integration of VTCRI with the VTC School of Medicine, Carilion Clinic, and existing programs at Virginia Tech. 


VTCRI will be part of an emerging biomedical complex that includes the Carilion Clinic and VTC School of Medicine. The VTC facility is currently 
under construction in Roanoke, Virginia, with an anticipated Fall 2010 completion date. 


The successful candidate will be an MD or PhD scientist of national distinction having a track record of discovery and publication who will continue his 
or her research activities. Applicants should have exceptional communication and strategic planning skills, an established record of leading and fostering 
large research programs, a commitment to translational research, and the ability to work with VT, VTCSOM, and CC leaders, faculty, and clinicians to 
develop a common vision and purpose. Area of expertise and specialization are open. 


Candidates should submit a cover letter, curriculum vitae, and contact information for three references to www.jobs.vt.edu posting #090048. After 
a preliminary review, references will be contacted and asked to submit letters of recommendation for selected candidates. The review of candidates 
will begin on June 1, 2009 and will continue until a candidate is selected. The anticipated start date for the successful candidate is on or before 
January 1, 2010. 


Virginia Tech is the recipient of the National Science Foundation ADVANCE Institutional Transformation Award to increase the participation of women 
in academic science and engineering careers. 


Southwestern Virginia is a wonderful location with strong communities, plentiful recreation and arts, and never- sa aaa Renal 


ending vistas across beautiful mountains. It provides a diversity of lifestyles with remarkably easy access to & - 
Washington DC, Richmond, North Carolina, mountains and beaches. A more complete description of VTCRI can be = 


found at the VTCRI website www.vtc.vt.edu. Cs AILIGON CLIN 


Virginia Tech does not discriminate against employees, students, or applicants on the basis of race, color, sex, sexual 
orientation, disability, age, veteran status, national origin, religion or political affiliation. Anyone having questions 
concerning discrimination should contact the Office for Equal Opportunity. 
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HAY EF HR Re Walicki 
BES University 
Park 


ENGINEERING 
AT DARTMOUTH 


FACULTY Appointments in Infectious Disease 
The Evolution and Dynamics of Pathogens 


TENURE TRACK FACULTY POSITION 


The Eberly College of Science, The College of Agricultural Sciences, The 


College of Earth and Mineral Sciences, The Huck Institutes of Life Sciences, 
and The Penn State Institutes of Energy and the Environment are seeking to 
appoint a number of faculty positions in the fields of theoretical and empirical 
infectious disease biology. Specifically we are interested in exciting, interdis- 
ciplinary candidates who are Mathematicians, Physicists, Climate Modelers 
or Biologists, to provide novel insights into parasite-host interactions that 
range from within-host interactions, between-host transmission events and 
population-level dynamics. 


We seek interactive people who can work across disciplines and identify novel 
insights and solutions to managing the disease burden. We encourage candidates 
interested in dynamical issues relating to pathogen epidemiology and evolu- 
tion, such as the evolutionary impact of drugs, vaccines and insecticides and 
the role of ecological and evolutionary factors in the invasion and emergence 
of diseases. We also seek candidates with expertise in theoretical modeling 
and the interaction of climate and disease - specifically dynamical down- 
scaling of global and regional climate to elucidate the biological processes of 
disease transmission. The candidates will become integral to one of our cen- 
ters of excellence such as The Center for Infectious Disease Dynamics (http: 
//www.cidd.psu.edu/), The Center for Molecular Immunology and Infectious 
Disease (http://emiid.psu.edu) or The Earth Systems Science Center (http: 
/Iwww.essc.psu.edu/). 

We are cluster hiring in this area and will consider appointment at any scale 
for Assistant, Associate or Full Professor. Penn State offers highly competitive 
salaries and startup package with institutional support for students. Please submit 
one electronic application consisting of a cover letter including future research 
plans, curriculum vitae and the contact information of three references to Judie 
Burns at jeb2@psu.edu. Review will start June 15, 2009 and continue until 
a number of positions have been filled. 

Penn State is committed to Affirmative Action, Equal Opportunity 
and the diversity of its workforce. 


BIOENGINEERING/ BIOTECHNOLOGY 


Thayer School of Engineering at Dartmouth College invites ap- 
plications for a faculty position in the Biotechnology/Bioengineering 
area. This position strengthens one of Thayer’s core research 
thrusts, Engineering in Medicine. Successful applicants will have 
a Ph.D. in the life sciences and/or engineering and will be evalu- 
ated based on (i) the potential to establish an internationally recog- 
nized research program and (ii) the desire to excel as a teacher at 
both the undergraduate and graduate level. Priority will be given to 
candidates who can build a distinctive research program in the 
area of engineered living systems (e.g., cell and metabolic engi- 
neering, protein engineering, glyco-engineering etc.) or engineered 
systems that interact with living systems (e.g.,biomaterials, bio- 
imaging, ex-vivo protein engineering etc.). The potential to collabo- 
rate with faculty at the Dartmouth Hitchcock Medical Center and 
life science departments at Dartmouth is a significant advantage. 
Candidates with industrial research experience are particularly en- 
couraged to apply. The position is at the Assistant Professor level, 
although exceptional candidates at other ranks will be considered. 


A cover letter and curriculum vitae should be sent to 

Prof. Tillman Gerngross, Thayer School of Engineering, 
Dartmouth College, Hanover, NH 03755, USA or e-mailed to 
Bioengineering.Faculty.Search @dartmouth.edu. Review of can- 
didates will begin immediately and continue until the position is filled. 


Dartmouth College is an equal opportunity/affirmative action employer. 


http://engineering.dartmouth.edu 


online @sciencecareers.org 


Science Careers 


> 
= 
WV) 
ao 
Lu 
= 
a 
= 
Oo 
2) 
=) 
U 
Oo 
LL 


online @sciencecareers.org 


Science Careers 


@) Seattle Children’s 
- Neurological Surgery 
Associate Professor / Professor 


The recently established Center for Neuroscience at the Seattle Children’s Research Institute invites 
applications for a full-time faculty position, with the University of Washington School of Medicine 
Department of Neurological Surgery, at the rank of Associate Professor or full Professor, without 
tenure. Qualified applicants should be established investigators who are applying techniques of 
molecular, genetic or cellular biology to study mechanisms underlying hydrocephalus. The Center 
for Neuroscience at the Seattle Children’s Research Institute’s research vision is to restore children’s 
health through a mechanistic understanding. The applicant’s area of research interest should be 
complementary to the interests of current faculty working on various areas of neuroscience and 
bioengineering. Researchers interested in understanding CSF hydrodynamics, choroid plexus func- 
tion, neuroendocrinology, brain metabolism, blood brain barrier function, brainstem neurobiology 
and proteomics research are particularly encouraged to apply. The successful candidate must have 
a M.D. and/or Ph.D. degree and have active nationally funded research grants. Level and salary 
will be based on applicant’s qualifications and experience. Responsibilities of the position include 
development of an independent, extramurally funded research program, establishing a hydrocephalus 
section within the Center for Neuroscience and mentoring graduate and post-doctoral students and 
junior faculty investigators. 


This position is open until filled. Address any inquiries to Dr. Jan-Marino Ramirez, Center Director, 
at nino.ramirez@seattlechildrens.org. Please send CV, a statement of current and future research 
interests and the names and contact information of three references to: Wendy Kramer, Seattle 
Children’s Research Institute, 1900 Ninth Avenue, M/S C9S-9, Seattle, WA 98101. 


For more information about Seattle Children’s Research Institute, please visit: 
http://research.seattlechildrens.org. 
All University of Washington faculty engage in teaching, research, and service. 
The University of Washington is an Equal Opportunity/Affirmative Action Employer. 
Women and minorities are encouraged to apply. 


UW Medicine 


SCHOOL OF MEDICINE 
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Medical 
Countermeasures 
Workshop 

2009 


sponsored by the: 
U.S. Department of Health and Human Services (HHS) 
Assistant Secretary for Preparedness and Response (ASPR) 


Biomedical Advanced Research 
and Development Authority (BARDA) 


Chemical, Biological, Radiological 
and Nuclear Medical Countermeasures (CBRN) 


and Acquisitions Management Systems (AMS) 


June 25-26, 2009 


Hyatt Regency Bethesda 
One Bethesda Metro Center 
Bethesda, MD 20814 


To register, visit 
Www.medicalcountermeasures.gov 


For further information, e-mail 
CBRN-Workshop@hhs.gov 


Shanghai Hengrui Pharmaceuticals Co., Ltd. is now seeking highly 


motivated professionals in drug discovery and development to fill the 
following positions at Manager, Group Leader or Director levels: 


Discover and Develop Drugs in China 


Clinical Project Management (Oncology and Diabetic): Manage 
clinical product development and manufacturing. Develop and implement 
regulatory strategies. Review and approve protocols and clinical site 
monitoring for compliance. MS/PhD with 5-8 yrs pharm/biotech experience, 
knowledgeable and skillful in US clinical study design and implementation 
preferred. 


QA/QC/Regulatory Affairs/Documentation: MS/PhD with 5-8 yrs strong 
experience in NDA and ANDA fillings for NCEs and generic drugs. 


Biologics: Senior PhDs in Biochemistry or Protein chemistry with 
successful industrial experience in discovery and development of biologic 
drugs. 


Molecular/Cellular Biology: PhDs in modern molecular and cellular 
biology with experience in target identifications and validations, assay 
and reagent development and mechanism studies etc. t 
Synthetic Organic Chemistry: PhDs in synthetic organic chemistry a 
with strong synthetic problem solving skills and extensive and in-depth 

knowledge of modern organic synthesis. 


Molecular Modeling: PhD in structural/computational chemistry with at 
least 5 yrs experience in computer aided drug design in pharmaceutical 
industry with successful track record. 

Animal Modeling: PhD in pharmacology or related discipline with 3 yrs of 
postdoctoral experience in conducting in vivo efficacy studies in diabetic, 


“= 


ie ete | 
“Tal & Londo. 


Bonus Distributions 


SPECIAL CAREER FEATURE 


Career Focus 
on Cambridge, 
Oxford, and 
London 


Issue date 


26 June 


Reserve ad space by 9 June 


The power of Science is 
in the journal’s 131,000 
weekly subscribers and 
700,000 weekly readers. 
In our 26 June issue we 
will use this power to 
highlight the state of 
the scientific job market 
in and around these 
renowned British seats 
of learning. 


Tan 


Contact: Alex Palmer 
Telephone: 

+44 (0) 1223 326 500 
E-mail: 
ads@science-int.co.uk 


cardiovascular or oncology. 


Depending on the positions, proficient bilingual (English/Chinese) ability 
is required. We offer a competitive relocation and compensation package 
in an open, challenging and smoke-free environment. If interested, please 
forward your resume to Miss Wang (career@shhrp.com) 


SHANGHAI HENGRUI PHARMACEUTICALS CO., LTD. 
www.shhrp.com 


Darwin Festival 2009 

5-10 July, Cambridge, UK 

International Society 
for Stem Cell Research 
8-11 July, Barcelona, Spain 


Science Careers | 
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From the journal Science 


ScienceCareers.org 


PROFESSO 


In Experimental Surface Physics 


The Department of Applied Physics now invites applications for a fu 
professorship in Experimental Surface Physics. We offer excellent 
opportunities for intra- and interdepartmental interactions with other 
groups on issues of importance for a sustainable society, such as 
energy conversion, catalysis and novel functional materials. Interdisci- 
plinary research is promoted by a stimulating infrastructure, including 
top class clean room facilities and deep involvement in synchrotron 
based activities at MAX-lab. 


Application deadline is June 19, 2009. For further information and 
how to apply please visit Vacancies, Ref no 2009/36, at: 


www.chalmers.se/en 


Chalmers University of Technology conducts research and education in engine- 
ering sciences, architecture, technology-related mathematical sciences, natural 
and nautical sciences — in close collaboration with industry and society. The aim 
is to make an active contribution to a sustainable future. Chalmers has about 
10,000 students and 2,200 employees. New knowledge and improved techno- 
logy has characterised Chalmers since its foundation in 1829 in accordance with 
the testament of William Chalmers, and his motto: Avancez! 


CHALMERS 


COURSE 


Okinawa Institute of Science and Technology 


“DNA Topology Course” 


Date: November 2 — 7, 2009 
Location: Okinawa, Japan 


DNA topology is one of the areas in which cutting-edge pure 
mathematics and biology meet very directly, in the study of 
topoisomers. 


The point of the course is to give young and early-career 
biologists a chance to learn about this exciting and active 
research field from international experts. This will be 
achieved through a combination of introductory lectures with 
coursework, and also a short series of conference-level 
research talks, to give the participants an understanding of 


both the basic theory and current research directions. 


The course will be targeted at PhD level biologists, with 
postdoctoral researchers also welcome. 


Confirmed Speakers: 
De Witt Sumners 
Jun O’Hara 

Dorothy Buck 
Christian Laing 
Andrzej Stasiak 


Patrick Forterre 
Javier Arsuaga 
Isabel Darcy 
Koya Shimokawa 
Lynn Zechiedrich 


More information can be obtained from 
http://web.me.com/oist_mbu/DNA_Topology_Course/Home.html 


or the course secretariat at topo@oist.jp 


Okinawa Institute of Science and Technology http://www.oist.jp/ 


Imperial College 
London 


EPSRC Centre for Synthetic Biology & Innovation 


Lecturer in Synthetic Biology - 
Engineering Design x2 


Department of Bioengineering, Faculty of 
Engineering 


Lecturer in Experimental Synthetic 
Biology 


Division of Molecular Biosciences, Faculty of 
Natural Sciences 


Salary: £42,060 - £45,680 p.a. 
Fixed Term for 57 months 


Applications are invited for three posts at 
Lectureship level in the new EPSRC Centre for 
Synthetic Biology and Innovation (CSynBI) at 
Imperial College London. The Centre was 
established in partnership with the London School 
of Economics and Political Science through an 
EPSRC Science and Innovation award that aims 
to build new activity in areas of national strategic 
importance, with a particular focus on supporting 
new research leaders. 


The Centre for Synthetic Biology and Innovation, 
(www.imperial.ac.uk/syntheticbiology), is part of 
Imperial’s Institute for Systems and Synthetic 
Biology (www.imperial.ac.uk/systemsbiology) - a 
multidisciplinary, multi faculty institute focused on 
developing novel approaches to research in 
biology, medicine and engineering. A major 
strategic aim of the Centre is to establish a robust 
engineering framework for the design and 
optimisation of new synthetic biology parts, 
devices and systems and to integrate this 
research with emerging ethical legal and societal 
issues. 


The Centre is seeking to appoint three new 
Lecturers with a focus on either the Engineering 
or Experimental Aspects of Synthetic Biology. 


Two Lecturers will be appointed in Engineering in 
the areas of engineering design and process 
control/quality assurance in relation to Synthetic 
Biology and one Lecturer will be appointed in 
Experimental Synthetic Biology to work on either 
metabolic engineering or biocatalysis. 


Applicants must have a PhD (or equivalent) and 
an outstanding research record as demonstrated 
by their publications. Teaching experience is also 
highly desirable. 


An application form and further particulars can be 
obtained from: www.imperial.ac.uk/employment 
In addition you should enclose a full CV (including 
list of publications), a research plan and a brief 
statement of teaching interests. 


For informal queries or discussion please 
contact: Professor Richard Kitney 
(r.kithey@imperial.ac.uk) for the Lecturer 
positions in Synthetic Biology — Engineering and 
Design. Professor Paul Freemont 
(p.freemont@imperial.ac.uk) for the Lecturer 
position in Experimental Synthetic Biology. 


Closing date: 26 May 2009. 


Committed to equality and valuing diversity. 
We are also an Athena Silver SWAN Award 
winner and a Stonewall Diversity Champion. 


online @sciencecareers.org 


Science Careers 


Science Careers 


is the window 
that displays 
your vision. 


Revealing your vision to employers 
is our job. We’re your source for 
connecting with top employers 

in industry, academia, and 
government. We’re the experts 

and entry point to the latest and 
most relevant career information 
across the globe. 


Whether you’re seeking a new job, 
career advancement in your chosen 
field, or ways to stay current on 
industry trends, Science Careers is 
your window to a limitless future. 


Improved Website Features: 
Relevant Job E-mail Alerts 
Improved Resume Uploading 
Content Specific Multimedia Section 
Facebook Profile 


Job Search Functionality: 
Save and Sort Jobs 
Track Your Activity 
Search by Geography 
Enhanced Job Sorting 


24 APRIL 2009 


Your Future 


Awaits. 
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POSITIONS OPEN 


Northern Virginia firm has multiple openings for: 


SCIENTIFIC INFORMATION ANALYSTS 
(code #501) 

Analyze technical medical/scientific text applying 
concepts from scientific thesaurus; perform scientific 
coding /indexing; analyze research activities; validate, clas- 
sify, and index information; prepare reports. Requires 
B.S. or M.S. or equivalent in medical, biomedical, life 
science, computer engineering, or related plus three to 
five years of experience in job offered or as a scientific 
knowledge manager. 

SENIOR BIOINFORMATICS SCIENTISTS/ 

FUNCTIONAL SPECIALISTS (code #502) 


Perform research in the area of molecular biology 
database services and published guidance documents; 
prepare documentation; assist in business process anal- 
ysis, quality assurance /quality control, ensuring project 
quality. Create materials, teach, and develop scientific 
outreach and bioeducational training programs. Re- 
quires Ph.D. in biochemistry or molecular biology or 
related plus three years of experience in job offered or 
as a research scientist. 

Job location: Northern Virginia/D.C./Maryland 
metropolitan area. May require travel and/or reloca- 
tion to other sites. Mail resume with code number to: 
Information Management Consultants, 11480 Com- 
merce Park Drive, Reston, VA 20191. Equal Oppor- 
tunity Employer. 


POSTDOCTORAL RESEARCH 
FELLOWSHIP POSITION 


The University of Massachusetts Medical School 
invites applications for research opportunities in the 
broad fields of diabetes and endocrinology. UMMS 
is a designated NIH Diabetes and Endocrinology 
Research Center (DERC), with over 70 active mem- 
bers, engaged in state-of-the-art research in an array of 
basic and clinical research programs (website: http:// 
www.umassmed.edu/derc). We seek Postdoctoral Fel- 
lows with intellectual curiosity, eager to explore critical 
questions in biology, relevant to mechanisms in dia- 
betes, metabolic, and endocrine disease, or fundamen- 
tal clinical processes affecting the course of diabetes. 
Applicants should have Ph.D. or M.D. degrees, and 
should identify the DERC member laboratory they wish 
to join. Under the auspices of an NIH Training Grant, 
the Fellow is guaranteed three years of support. The first 
start date is July 1, 2009. Applications and inquiries 
should be directed to: Michael Czech, Ph.D., DERC 
Director, e-mail: michael.czech@umassmed.edu; 
Roger Davis, Ph.D., Director, DERC Pilot Programs, 
e-mail: roger.davis@umassmed.edu; or Neil Aronin, 
M.D., Director, Endocrine Division and Search Com- 
mittee Chair, e-mail: neil.aronin@umassmed.edu. 


MARKETPLACE 


Promab Biotechnologies Inc. 


Custom Monoclonal 


Antibody $4,200 


>3,000 CLONES WILL BE SCREENED 
1-866-339-0871 


www.promab.com info@promab.com 


Widely 
Recognized 
Original & 
Guaranteed 


8¢/u 
Truncated 
Taq DNA 

Polymerase 

 \Vithstand 99°C 

US Pat #5,436,149 e-mail: abpeps@msn.com 
Call: Ab Peptides 1°800°38303362 

Fax: 314°968°8988 www.abpeps.com 


Oligo Labeling Reagents 


& BHQ’/CAL Fluor /Quasar’ Amidites 
& Amidites for 5’ & Int. Modifications 
& Standard and Specialty Amidites 


& BIOSEARCH +1.800.GENOME.1 
p TECHNOLOGIES —_www.btilabeling.com 


Advancing Nucleic Acid Technology™ 
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Eppendorf & Science Prize for 


Neurobiolog 


eppendorf 
& Science 


PAIZE FOR 
HEVRCRIOLOGY 


Deadline for entries 


June 15, 2009 


For more information 
www.eppendorf.com/prize 


eppendorf 
In touch with life AVAAAS 


Get recognized! 


This annual international research prize recognizes 
accomplishments in neurobiology research based on 
methods of molecular and cell biology. The winner and 
finalists are selected by a committee of independent 
scientists, chaired by the Editor-in-Chief of Science. 
Past winners include postdoctoral scholars and 
assistant professors. 


To be eligible, you must be 35 years of age or younger. 
If you're selected as this year’s winner, you will receive 
$25,000, have your work published in the prestigious 
journal Science and be invited to visit Eppendorf in 
Hamburg, Germany. 


Kurstin Roe Photography 


PCR ARRAYS 


Focus ON YOUR PATHWAY 


STRESS SA 
AMLMATION" ARIES 


Srsa 


www.SABiosciences.com 


PCR ARRAY T-Shirt* and PCR ARRAY Handbook! 
Please Register Online: www.SABiosciences.com/Science3. php 


Offer Ends 22™ of May 2009 


* While supplies last 


